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Low stomatal density correlates with robustness to water deprivation and thus holds potential 
for the improvement of water-use efficiency (WUE) of commercially relevant crops grown in 
drought-prone environments. Ranking fourth in terms of global agricultural production, barley 
(Hordeum vulgare L.) is especially amenable to reductions in stomatal density without the 
caveat of yield impacts. In this study, a collection of 313 diverse barley accessions with global 
geographic origins was screened revealing varieties with low stomatal densities for use in 
future breeding programs.  Through genome-wide association analysis (GWAS) of the globally 
derived barley population, 17 quantitative trait loci (QTLs) were identified for the trait of 
stomatal density for use in molecular marker-assisted breeding strategies. The identification of 
numerous QTLs confirmed that stomatal density in barley is controlled by multiple genetic loci.  
QTLs revealed following GWAS analysis were aligned to the reference genome and led to the 
identification of seven candidate genes for stomatal density in barley. A novel candidate gene 
encoding a putative subtilisin-like protease was revealed following GWAS analysis, located 
63Kb (Kilo base pairs) upstream of a QTL identified on chromosome 4. Functional prediction 
of the candidate gene was ascertained based on sequence homology with the gene ortholog 
encoding the subtilisin-like protease SDD1 (STOMATAL DENSITY AND DISTRIBUTION 
1), a known negative regulator of stomatal density in Arabidopsis thaliana. A gene-specific 
molecular marker was designed for the candidate gene encoding a subtilisin- like protease to 
select for offspring possessing the candidate gene sequence from low stomatal density barley 
varieties in subsequent breed improvement. The discovery of the novel candidate gene 
encoding a subtilisin-like protease indicates that conservation of the stomatal development 
network extends into the barley lineage. The candidate gene encoding a subtilisin-like protease 
holds potential for the future improvement of WUE in barley. 




A: amount of CO2 fixed during photosynthesis 
ABA: abscisic acid 
AUD: Australian dollar 
bHTH: basic helix-turn-helix 
BIN2: BRASSINOSTEROID INSENSITIVE 2 
BR: BRASSINOSTEROID 
CD: conserved domain 
COP1: CONSTITUTIVE PHOTOMORPHOGENIC 1 
CRY2: cryptochrome-2 
CV error: cross-validation error 
dNTP: deoxynucleotide 
EPF: EPIDERMAL PATTERNING FACTOR 
EPFL9: EPIDERMAL PATTERNING FACTOR-like protein 9 
ERf: ERECTA family receptor kinase 
FAM: fluorescein 
FAMA: transcription factor FAMA 
FRET: fluorescence resonant energy transfer 
Gb: giga base pairs 
GdC: guard cell 
GLM: general linear model 
GMC: guard mother cell 
GOC: gene order conservation score 
gs: stomatal conductance (i.e., net loss of H2O and gain of CO2 via the stomatal pore) 
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GWAS: Genome-wide association study 
IBD: identity by descent 
IBS: identity by state 
ICE1/SCRM: INDUCER OF CBP EXPRESSION 1/SCREAM 
InDel: Insertion/Deletion 
K: number of sub-populations 
KASP: kompetitive allele specific PCR 
Kb: kilo base pairs 
LD: linkage disequilibrium 
LFY: LEAFY transcription factor 
MAF: minor allele frequency 
MAPK: mitogen activated protein kinase 
MLK4: mixed lineage kinase 4 
MLM: mixed linear model 
MMC: meristemoid mother cell 
MS: meristemoid 
MUTE: transcription factor MUTE 
NAC: no apical meristem  
PC: pavement cell 
PCA: principal component analysis 
PCR: polymerase chain reaction 
PDC: protodermal cell 
PPA2: inorganic pyrophosphatase 2 
PPK1: PHOTOREGULATORY PROTEIN KINASE 1 
PYL: PYR1-LIKE 
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PYR1: PYRABACTIN RESISTANCE1 
QQ plot: quantile-quantile plot 
QTL: quantitative trait locus 
R: Pearson correlation coefficient 
ROX: 5-carboxy-X-rhodamine succinimidyl ester 
SC: subsidiary cell 
SCRM2: SCREAM2 
SD: standard deviation 
SERK: SOMATIC EMBRYOGENESIS RECEPTOR KINASE 
SLGC: stomatal lineage ground cell 
SMC: subsidiary mother cell 
SNP: single nucleotide polymorphism 
SPA: SUPPRESSOR OF PHYA 
SPCH: transcription factor SPEECHLESS 
TAE: Tris EDTA 
TBE: Tris/Borate/EDTA 
TMM: TOO MANY MOUTHS coreceptor 
USD: American dollar 
V: volts 
VIC: victoria green fluorescent protein 
WGA: whole genome alignment coverage 
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1.1 The climate problem in agriculture 
Shifting hydrologic patterns generated through climate change are evident as droughts 
are becoming more frequent globally (Naumann et al., 2018). In historically arid lands like 
Australia, the power of advanced modelling algorithms has revealed several alarming 
predictions that imply a future with significantly longer and more severe drought events, 
especially in the southern areas which include the grain belt regions reserved for extensive crop 
production (Kirono et al., 2020; Ludwig et al., 2008). The impacts of water scarcity are even 
manifesting in more hydrologically stable climates such as those evident in Europe, where the 
increased incidence of warm season droughts has caused a rise in agronomic management costs 
associated with irrigation (Markonis et al., 2021; Stahl et al., 2016). For example, some 
countries in the Mediterranean basin have experienced multiple impacts to public water 
resources, due to a need to allocate significant water reserves to the prevention of agricultural 
losses during low rainfall periods in recent years (Stahl et al., 2016).  
Heavy consumption of fossil fuels since the industrial revolution has brought a surge 
in atmospheric CO2, serving as a significant proponent behind our evolving climate (Ekwurzel 
et al., 2017). The climate change associated impacts of rising CO2 levels have polarising effects 
on plant physiology. On the one hand, increased atmospheric CO2 levels allow for greater 
photosynthetic efficiency (CO2 fertilisation effect) with reduced transpirational water loss 
(Sperry et al., 2019). On the other hand, rising CO2 concentration may lead to a warmer global 
climate, which, according to a number of models, substantially negates CO2 fertilisation effect 
by causing a surge in water loss through transpiration as a result of evaporative cooling in 
response to heat stress (Crawford et al., 2012; Sperry et al., 2019). An additional impact of CO2 
induced temperature increases is the enhanced probability of drought, posing substantial risks 
to plant survival and thus agricultural productivity (Vicente-Serrano et al., 2014). 
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Net agricultural losses as a consequence of adverse climate impacts are a growing 
economic burden globally, with an estimated loss of $4.2 trillion AUD by 2100 in Australia 
alone if adaptive strategies are not implemented (Climate Council of Australia, 2019). Of 
particular concern is the climate derived impact on the agricultural industry in developing and 
least developed countries around the world. Recent modelling using historical climate data in 
West Africa indicates that an average temperature increase of 1oC from the decade of 2000-
2009, resulted in a loss of 6.19 billion USD, due to the combined sorghum and wheat yield 
reductions caused by human-induced climate effects (Sultan et al., 2019). In terms of food 
security, over half of the total world population (52%) are at risk of malnutrition if no 
adaptation of current agricultural practices is employed when climate change is taken into 
account (Dawson et al., 2016). 
As a result of impending environmental challenges, agricultural strategies have become 
focussed on breeding commercial crop varieties with improved water-use efficiency (WUE) in 
environments where water availability is limited (Medrano et al., 2015). WUE can be defined 
as the ratio of CO2 fixed in photosynthetic processes (A) versus water vapour lost to the 
atmosphere via stomata (Hatfield & Dold, 2019). Stomata are specialised cellular units on the 
leaf epidermis that serve the critical purpose of maximising CO2 diffusion for carbon 
assimilation by photosynthesis, whilst minimising transpirational water loss in a process 
termed stomatal conductance (gs) (Murray et al., 2019). Stomatal morphologies vary among 
plant families - however, the guard cell pair surrounding the pore are a ubiquitous feature in all 
species, adjusting turgor pressure through osmotic processes to alter the size of the pore 
opening (stomatal aperture) in response to environmental signals (Roberts, 1990; Rudall, Chen 
& Cullen, 2017; Vatén & Bergmann, 2012). Stomata serve as the channel via which water 
escapes plant tissues into the atmosphere. In turn, these structures are also key to optimising 
water retention and hence are a potential focus for improving WUE in crop species growing in 
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drought-susceptible locales (Li, Li, Li & Zhang, 2017). Stomatal density has been identified to 
influence WUE. However, the trait itself is controlled by a variety of environmental factors, 
including atmospheric CO2 levels, temperature, prolonged water stress, and light intensity 
(Beerling & Chaloner, 1993; Jumrani & Bhatia, 2020; Li, Li, Li & Zhang, 2017). Previous 
studies using model plants (e.g., Arabidopsis thaliana) have revealed that a suite of genes are 
involved in the control of stomatal density (Pillitteri & Dong, 2013). Thus, there is a possibility 
for selective breeding based on gene polymorphisms to improve traits attributed to stomatal 
adaptation in arid climates to improve WUE in crops. However, knowledge remains limited 
regarding gene networks implicated in cereal stomatal development, and hence further research 
is needed on the molecular mechanism influencing stomatal density in these economically 
prominent crop species (Bertolino, Caine & Gray, 2019).  
Domestic Barley (Hordeum vulgare L.) has been favoured for millennia for its 
extraordinary capacity to survive environmental challenges (Badr et al., 2000; Lupu et al., 
2006; Wang, Ren, Sun & Sun, 2015). Considering the array of environmentally resilient traits 
associated with the wild progenitor H. vulgare subsp. spontaneum, including the possession of 
mutable gene regions with high mutation rates to promote climate adaptability, there is no 
surprise that barley was one of the first crops to be domesticated during the agricultural 
revolution over 10,000 years ago (Abbo, Lev-Yadun & Gopher, 2012; Lupu et al., 2006; Sato 
et al., 2016). Barley remains one of the most versatile, economically critical crops in global 
agriculture, ranking fourth in terms of total quantity produced versus other cereal grains 
(Langridge, 2018). Within Australia, barley ranks second in total production by volume, 
placing emphasis on a need to refine and improve cultivars to reduce yield losses from 
environmental challenges (Department of Health and Ageing Office of the Gene Technology 
Regulator, 2008; Australian Bureau of Statistics, 2019). In addition, Australia monopolises a 
large majority of barley exportation, comprising 30-40% of global malting barley exports and 
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approximately 20% of animal and human feed exports (Australian Export Grains Innovation 
Centre, 2018). Australian barley varieties are of international interest as a result of their high 
malting quality for use in the beer industry and production of exceptional grade, clean stock 
feed (Australian Export Grains Innovation Centre, 2018).  
Relative to other major cereal grains, such as maize and wheat, barley demonstrates 
superior resilience to environmental constraints, thus barley yield is generally more stable with 
changing conditions (Cossani, Slafer & Savin, 2011). Resilience-associated traits include 
drought tolerance and adaptation to a range of soil conditions including phytotoxic acidic soils 
containing high levels of aluminium ions (Ahmed, Nadira, Zhang & Wu, 2020; Liu et al., 2020). 
These factors in turn make barley the preferred choice for cultivation when considering 
unstable external conditions that may limit the yield of other crops. This likely explains barley 
cultivation by agrarian communities in agriculturally restrictive regions, including areas of high 
altitude such as Nepal, or Mediterranean regions with low seasonal rainfall (Cossani, Slafer & 
Savin, 2011; d’Alpoim Guedes, Lu, Hein & Schmidt, 2015). 
Despite the suite of environmentally resistant traits possessed by barley, yield and 
survival capacity remain thoroughly challenged by the impending effects of climate change. 
Major abiotic stresses imposed on barley include the advent of increased salinity and drought 
which are exacerbated by rises in global temperature (Abd El-Monem, El-Habbasha & Hozayn, 
2013; Beigzadeh, Fatahi, Sayedi & Fatahi, 2013). Regardless of these negative climatic impacts 
on yield, barley remains one of the most protean and amenable cereals to such circumstances, 
which stands testament to its extensive use in regions such as Western Australia where dry 
climates encourage saline soils and prolonged drought periods (Kumar, Verma, Singh, Kumar 
Sharma & Devi, 2020; Mwando, Angessa, Han & Li, 2020). Hence, barley can be considered 
a good candidate for agronomic improvement in a world where the negative impacts of climate 
Honours Thesis  Brittany Robertson 
 17 
change are likely to force adaptation of current agricultural practices (Gürel, Öztürk, Uçarlı & 
Rosellini, 2016).  
In the following sections, the current understanding of stomatal density control will be 
assessed, with particular emphasis on the genetic potential in barley for enhanced WUE in the 
scope of current climate change. Recent genomic advances have led to the characterisation of 
the whole barley genome, and quantitative trait loci (QTL) have been identified for a variety 
of agronomic traits through Genome-Wide Association Analysis (GWAS) and population fine-
mapping (Vafadar Shamasbi et al., 2017). Finally, the potential of existing genomic data will 
be evaluated in assisting characterisation of genes predicted as involved in barley stomatal 
density variation. 
 
1.2 The genetic control of stomatal density improves WUE 
Stomata are ancient morphological structures, serving as prime regulators of water retention 
even prior to the divergence of the primitive, non-vascular hornworts and mosses from early 
land plants over 400 million years ago (Bowman, 2011; Chater, Caine, Fleming & Gray, 2017; 
Xu, Chen, Qi, Zhang & Wu, 2018). Throughout the lineages of land plants, stomata exhibit a 
high degree of variance in both morphology and epidermal distribution among species 
(Peterson, Rychel & Torii, 2010). Drought tolerance mechanisms linked to stomatal mechanics 
can be traced to archaic lineages, where Palaeozoic land flora have been found to possess 
stomatal systems sensitive to the drought-associated hormone abscisic acid (ABA), for refined 
maintenance of water-loss under a limited root system physiology (Franks & Beerling, 2009). 
Despite a temporally consistent relationship between stomatal density and drought tolerance, 
we must question to what extent stomata may aid modern agriculture in the production of yield-
effective, climate adapted crops.  
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It is widely known that stomatal patterning, density and mechanical response influence 
WUE, and a variety of recent studies have been conducted to assess the yield impacts of altered 
stomatal characteristics on crop WUE (Lawson & Blatt, 2014). In Asian rice (Oryza sativa), a 
water intensive crop with high sensitivity to drought, overexpression of rice EPIDERMAL 
PATTERNING FACTOR1 (OsEPF1) was reported to increase resistance to reduced water 
availability (Caine et al., 2018). OsEPF1 is a known negative regulator of stomatal 
development – thus the effect of OsEPF1 overexpression was a concordant reduction in 
stomatal density, to the extent where overexpression lines produced higher yields than controls 
under some environments despite reduced rates of photosynthesis (Caine et al., 2018; 
Mohammed et al., 2019). Overexpression lines in the study showed significant improvements 
to WUE, where seedlings utilised 60% of the normal water intake during germination (Caine 
et al., 2018). Those authors also reported survival capacity in OsEPF1 overexpression lines 
under conditions of high atmospheric CO2, drought conditions and elevated temperature (40oC), 
of which all factors represented projected future climate (Patz, Frumkin, Holloway, Vimont & 
Haines, 2014). Although the survival of low stomatal density lines was marked under 
conditions with climatic stress (Caine et al., 2018), it should be noted that stomata are dynamic 
structures, and they respond to a variety of external signals - including air composition, heat, 
and light (Grantz & Zeiger, 1986; Xu, Jiang, Jia & Zhou, 2016). Elevated CO2 is reported to 
reduce stomatal apertures by 20% - 40% in some plant species, and this may also have caused 
significant enhancements in WUE for OsEPF1 overexpression lines under elevated CO2 
(Mishra & Pradhan, 1972).  However, it is likely that low stomatal density could contribute 
substantially to WUE of cultivars exposed to drought conditions. This is reflected by the fact 
that only lines with marked reduction (88%) in stomatal densities relative to controls 
demonstrated statistically significant decreases in the amount of CO2 assimilated and stomatal 
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conductance, whilst groups with milder reductions exhibited almost identical rates of CO2 
assimilation and stomatal conductance as the control (Caine et al., 2018).  
A related study using Arabidopsis thaliana reported a strong negative correlation 
between stomatal density and size of stomatal complexes, leading to the conclusion that genetic 
mechanisms may co-regulate both characteristics (Doheny-Adams, Hunt, Franks, Beerling & 
Gray, 2012). In contrast, Caine et al. (2018) reported a positive correlation between stomatal 
complex size and density in rice, observing a 12% reduction in the size of stomatal complexes 
in overexpression lines versus controls, but only for the group with the most significant 
reduction in stomatal density (88%) versus the control. This may suggest that rice, as a monocot 
in contrast to A. thaliana as a dicot, possesses different molecular responses to alterations in 
stomatal density, and that stomatal complex size may be less sensitive to alterations in density 
relative to A. thaliana. These findings also suggest that stomatal complex size may have 
additional impacts on WUE that are currently unknown (Dittberner et al., 2018). 
Finally, the secondary impacts of reduced stomatal densities should be considered 
across multiple climatic effects. Caine et al. (2018) demonstrated the high survival of rice 
OsEPF1 overexpression lines under high heat and CO2 independently, yet did not sufficiently 
examine functionality under combined conditions, as this is suspected to occur in future 
climate-change impacted environments. For example, stomatal density reductions under high 
CO2 caused decreases in stomatal conductance – however, under high temperatures (35-40oC), 
OsEPF1 overexpression lines had poor survivability with the cost of reduced WUE as a result 
of greatly enlarged stomatal apertures, which were predicted to compensate for substantially 
lowered stomatal density (Caine et al., 2018; von Caemmerer & Evans, 2014). Since high CO2 
is noted to cause reductions in stomatal aperture, the enhancement of WUE under combined 
high heat (>35oC) and CO2 stress on such genotypes may be a possibility. However, whether 
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this may be of detriment to survivability is yet to be determined in OsEPF1 overexpression 
lines (Caine et al., 2018; Kirschbaum & McMillan, 2018).  
Caine et al. (2018) claimed that the production of reduced stomatal density rice lines 
overexpressing OsEPF1 outcompeted controls under some climate conditions in terms of 
overall yield. These conditions involved a three-day period of drought post-flower emergence 
in 88-day old individuals, where lines with intermediate reduction in stomatal density 
maintained a 27% higher grain yield (Caine et al., 2018). Overexpression of EPF1 gene 
orthologs in Triticum aestivum (bread wheat) produced similar phenotypic effects. However, 
wheat lines with the greater observed reductions in stomatal density (>50% decrease) were 
highly susceptible to yield losses relative to controls despite enhanced WUE, yet those lines 
with moderate reductions (<50% decrease) maintained stable yields comparable to controls, 
even under drought stress, with the added benefit of enhanced WUE (Dunn et al., 2019).  
It is clear that maintenance of yield stability during drought is possible in climate 
susceptible cereals such as wheat and rice. Thus, potentials exist for the selection of water 
efficient cultivars. These results are promising when considering the economic viability of 
cereals in a future where droughts are predicted to become frequent (Spinoni, Vogt, Naumann, 
Barbosa & Dosio, 2017). Considering the combined results of Caine et al. (2018), intermediate 
reductions in stomatal density appear to have the most optimal impact on crop viability, where 
a balance between stable yield and improved WUE may be achieved.   
The suitability of reducing nocturnal transpiration (a mechanism identified to 
contribute to lower WUE) through genetic selection has been recently assessed in grapevine 
(Coupel-Ledru et al., 2016). Reductions in CO2 assimilation are known to be a secondary effect 
associated with decreases in stomatal density and are hence a factor that can potentially limit 
yield due to reduced carbon intake. Thus, minimising water loss at night (stemming from 
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improper stomatal closure) may provide an additional avenue to enhance WUE without a 
reduction in CO2 assimilation to improve yield.  
In A. thaliana, it has been shown that substantial reductions in stomatal density did not 
significantly impact carbon assimilation under conditions of normal light intensity, and that 
carbon assimilation was comparable to controls with the benefit of improved WUE (Büssis, 
von Groll, Fisahn & Altmann, 2006). Compensatory mechanisms of increased stomatal 
aperture were observed in reduced stomatal density phenotypes, which has been attributed to 
the stability of CO2 assimilation in spite of alterations to stomatal distribution (Büssis, von 
Groll, Fisahn & Altmann, 2006). Despite these positive effects, it should be noted that carbon 
assimilation and corresponding photosynthetic rate was reduced versus controls in low 
stomatal density A. thaliana phenotypes under conditions of elevated CO2 and high light 
intensity (Büssis, von Groll, Fisahn & Altmann, 2006). Thus, yield impacts may need to be 
considered for low stomatal density crops grown in high light intensity regions, which in 
general is a defining characteristic of drought susceptible agronomic lands (Jagtap, Bhargava, 
Streb & Feierabend, 1998). 
In a recent study, overexpression of an EPF ortholog (HvEPF1) in barley lines with 
stomatal density reductions approximately half of the control and concordantly smaller size of 
the stomatal complex, exhibited superior WUE under severe drought in greenhouse 
experiments (Hughes et al., 2017). HvEPF1 overexpression barley substantially outperformed 
controls under drought stress in a number of aspects, including light-adapted quantum yield (a 
measure of physiological stress) and leaf relative water content, thus demonstrating the strong 
potential of barley for receiving stomatal-based enhancements for improved drought tolerance 
(Hughes et al., 2017). In an additional experiment, HvEPF1 overexpression lines with 
substantial reductions in stomatal density (24% and 12% of the control stomatal density) 
displayed enhanced WUE under well-watered conditions with greatly reduced stomatal 
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conductance and minimal loss of CO2 assimilation capacity (Hughes et al., 2017). Even more 
remarkably, following biomass analysis of substantial stomatal reduction lines versus controls, 
it was found that HvEPF1 overexpression barley with reductions as extreme as 12% of the 
control stomatal density, did not exhibit significant impacts on yield associated traits including 
seed number and harvest index. In fact, above-ground biomass was virtually identical between 
control plants and overexpression lines under both well-watered and water restricted conditions 
(Hughes et al., 2017). These results for barley, where yield impacts were negligible even under 
extreme stomatal density reductions, greatly contrast that of bread wheat which displayed 
reduced yield under stomatal density reductions greater than 50% (Dunn et al., 2019; Hughes 
et al., 2017). Such amenability of barley to stomatal density modification highlights the 
relevance of the crop as an excellent candidate for drought susceptible regions, in addition to 
sustainable farming in the scope of a future predicted to be heavily based on restricted water 
use (Foley et al., 2011). Finally, these data provide insight into the variability of tolerance to 
alterations in stomatal distribution between commercial cereals, and ultimately suggests that 
effective enhancement of WUE will require a tailored approach specific to species physiology 
for yield maintenance and economic viability. Overall, the combined results of recent studies 
illustrate a deeply rooted interconnection between stomatal morphology and distribution with 
plant WUE, thus highlighting the relevance of improving our understanding of stomatal 
development for sustainable agriculture. This is especially important in the context of 
commercial crop species, where the current understanding regarding molecular control of 
stomatal formation is limited (Franks et al., 2015). Hence, a detailed examination of stomatal 
development in the grasses is needed for the genetic improvement of cereal grains and 
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1.3 Complex gene networks direct stomatal development 
 
Investigation into control of stomatal mechanics for the improvement of WUE originated in 
the mid 20th century, with trials heavily focussed on the use of chemical-based manipulation 
of stomatal signalling. Such treatments involved the use of antitranspirants, which despite 
inhibiting transpirational water loss, have been found to produce negative secondary artifacts 
including reduced photosynthesis from limited CO2 diffusion (Davenport, Fisher & Hagan, 
1972; Davenport, Uriu & Hagan, 1974). Metabolic inhibitors, including the drought associated 
hormone ABA, are known to safeguard water vapour escape. However, their use also generates 
the caveat of impaired CO2 diffusion due to reducing the size of stomatal apertures (Guinn & 
Brummett, 1993). The extent of photosynthetic reduction imposed by ABA treatment has been 
challenged in recent studies, which have found that short term ABA hormone treatment 
improves WUE in model plants without adverse effects on photosynthetic efficiency (Negin, 
Yaaran, Kelly, Zait & Moshelion, 2019). ABA is tightly linked to stomatal mechanics and 
development, where its roles include the modulation of guard cell behaviour during drought 
and the initiation of leaf senescence under temporally extended stress conditions (Munemasa 
et al., 2015; Seiler et al., 2014). ABA receptor genes (such as PYRABACTIN 
RESISTANCE/PYR1-LIKE) and associated products implicated in ABA signal transduction, 
have been characterised in Arabidopsis as potential molecular targets for WUE improvement 
(Ruggiero et al., 2017; Yu et al., 2016). Some investigation has been completed on barley lines 
overexpressing the HvNAC005 gene encoding a ‘no apical meristem’ (NAC) transcription 
factor with ABA responsive promoter elements, where overexpression lines exhibited 
increased senescence in the presence of ABA (Christiansen et al., 2016). This suggests that 
HvNAC005 may be a possible target for the control of stress-directed nutrient remobilisation 
and improved crop yields (as senescence events adversely impact yield). Hence, rather than 
increasing ABA inputs on crops to increase WUE, the manipulation of ABA responsive gene 
Honours Thesis  Brittany Robertson 
 24 
network sensitivity to plant native ABA levels may provide the key to minimising 
transpirational water loss. However, further investigation is required for the ABA pathway 
implicated in guard cell responses under drought stress in barley, which could reveal new 
methodologies for the genetic improvement of WUE.  
As previously highlighted in our assessment of ABA signalling, a shift in focus on 
genetic rather than chemical/hormonal modification of stomatal development and mechanical 
response holds significant potential for the improvement of sustainable agriculture. A genome-
based approach for cereal climate adaption can be considered economically effective on a 
multifaceted scale (Araus, Slafer, Royo & Serret, 2008). First, the production of high WUE 
cultivars by genetic selection, effectively eliminates chemical/hormonal treatment costs to 
reduce transpiration. Second, hydrologic inputs are substantially minimised as a result of 
growing yield-stable cultivars possessing an environmentally tailored genetic response (Faralli 
et al., 2016). At present, the majority of genetic knowledge underpinning stomatal development 
is derived from the model organism Arabidopsis thaliana. The results of genetic studies in A. 
thaliana have revealed that stomatal formation and distribution is underpinned by a highly 
complex signal transduction pathway, involving the combined interaction of various receptor 
kinases, transcription factors, and signalling peptides (Lau & Bergmann, 2012). These 
signalling networks exist to modulate cell-fate transitions of protodermal cells (PDCs) in the 
epidermis and subsequent stomatal leaf surface architecture (MacAlister, Ohashi-Ito & 
Bergmann, 2006). Three major gene products, SPEECHLESS (SPCH), MUTE and FAMA, 
are implicated in stomatal differentiation – all are basic helix-turn-helix (bHLH) transcription 
factors and are critical in directing the progression of stomatal progenitors into mature guard 
cells in a pathway known as the stomatal lineage (Zoulias, Harrison, Casson & Gray, 2018). It 
should also be noted that the stomatal lineage does not exhibit a linearity of PDC fate, and that 
intermediates may branch into alternative developmental pathways (Casson & Hetherington, 
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2014; Larkin, Marks, Nadeau & Sack, 1997). For example, as shown in Figure 1, after SPCH-
directed transition of PDCs into meristemoid mother cells (MMC) and formation of cell pairs 
comprising a meristemoid and stomatal lineage ground cell (SLGC), this complex has four 
potential fates. Cell pairs may undergo MUTE-directed guard mother cell (GMC) formation, 
generate more SLGCs by amplifying division of self-renewing meristemoids, participate in 
spacing division forming meristemoid-pavement cell complexes, or in rare cases, cells may 
exit the lineage (Lucas, Nadeau & Sack, 2005; Zoulias, Harrison, Casson & Gray, 2018). SPCH 
is a critical element in stomatal development – its action serves as an entry checkpoint into the 
stomatal lineage by SPCH-directed transition of protodermal cells into meristemoid 
intermediates – indeed, the transcription factor’s cruciality is indicated by the observation that 
SPCH gene knockout plants are incapable of stomata formation (de Marcos et al., 2017). With 
this knowledge, SPCH modulation has been identified as a primary target for stomatal density 
regulation, and as such a number of studies have focussed on the manipulation of associated 
pathway proteins, peptides and receptors which have exhibited downstream effects on SPCH 
activity (Jewaria et al., 2013). Additional elements of the stomatal development pathway 
include the widely examined peptide signalling cascade involved in SPCH phosphorylation 
and subsequent inactivation (Figure 1). Pathway members include various mitogen activated 
protein kinases (MAPKs) that participate in the phosphorylation cascade and the signalling 
peptides EPF1/2 and STOMAGEN, which act antagonistically on ERECTA family receptor 
kinases (ERf) and their TOO MANY MOUTHS (TMM) coreceptor to regulate stomatal 
development (Lee et al., 2015; Zoulias, Harrison, Casson & Gray, 2018).  
An additional coreceptor, from the SOMATIC EMBRYOGENESIS RECEPTOR 
KINASE (SERK) family, has been suggested as important for the stomatal lineage. SERK 
genes have ancient origins traced to algae and exist in multiple copy (SERK1-5) in Arabidopsis. 
Studies have shown SERK gene redundancy in that knockout mutants for individual SERK 
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genes are not observed to affect stomatal development, yet complete knockout mutants produce 
abnormal stomatal clustering (Meng et al., 2015). SERKs are unusual in that these receptors 
have a wide range of implicated roles in plant physiology, including modulation of apoptosis 
and plant immunity – they remain an enigmatic aspect of the stomatal pathway in need of 
increased research (Zoulias, Harrison, Casson & Gray, 2018). SERKs are documented to 
behave as coreceptors in the BRASSINOSTEROID (BR) pathway, which negatively regulates 
stomatal development by phosphorylation/inactivation of BRASSINOSTEROID 
INSENSITIVE 2 (BIN2), preventing BIN2’s phosphorylation/inactivation of YODA in the 
MAPK cascade (Kim, Michniewicz, Bergmann & Wang, 2012). Hence negative regulation 
occurs through continued activity of YODA, leading to SPCH inhibition. However, as shown 
by Figure 1, the BR pathway is also found to positively modulate stomatal development by 
preventing BIN2-mediated phosphorylation of SPCH, leading to increased SPCH activity 
(Gudesblat et al., 2012). Due to the conflicting effects of the BR pathway, there is likely 
additional regulatory effects in action – it has been proposed that discrepancies in BR 
regulation are due to differential function of the BR pathway in the cotyledon and hypocotyl, 
however this inference requires further analysis (Serna, 2013).  
A well-known member of the stomatal development pathway is the signalling peptide 
EPF1, which has been covered previously in our examination of gene-directed stomatal density 
control in the cereals. EPF1 competes with STOMAGEN for binding sites located on 
TMM/ERf receptor complexes. EPF1 binding serves to block activity of SPCH, triggering 
autophosphorylation of the ERf receptor complex and subsequent activation of the MAPK 
cascade, ultimately leading to phosphorylation of Serine and Threonine residues in the MAPK 
domain and the N-terminus of the SPCH protein (Zoulias, Harrison, Casson & Gray, 2018). As 
STOMAGEN is a positive regulator of stomatal development, its binding to the receptor 
complex inhibits downstream activation of the MAPK cascade. The potential of controlling 
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EPF1 expression as a negative regulator of stomatal density has been widely demonstrated in 
recent trials (Caine et al., 2018; Dunn et al., 2019; Hughes et al., 2017). However, further work 
is needed to determine the phenotypic effects of manipulating associated members of the 
peptide cascade in cereal species. For example, experimental work has been completed in 
Arabidopsis for a sister peptide, EPF2, which also competes with STOMAGEN for binding 
sites on TMM/ERf receptor complexes. EPF2 has been identified as an early pathway peptide, 
determining the quantity of protodermal cells that will enter the lineage, whereas EPF1 is 
critical later in the lineage during the GMC differentiation stage despite having the same 
inhibitory effect on SPCH (Hunt & Gray, 2009). As with EPF1, overexpression studies on 
EPF2 have demonstrated greatly improved WUE in model plants – hence further analysis on 
the manipulation of EPF2 orthologs in cereals would be beneficial to determine whether EPF2 
can serve as an additional pathway regulator in the production of climate adapted cultivars 
(Franks, W. Doheny-Adams, Britton-Harper & Gray, 2015). 
Although SPCH serves as a molecular entry gate into the stomatal lineage, SPCH 
overexpression does not increase stomatal number, yet does cause ectopic epidermal cell 
differentiation (Vatén, Soyars, Tarr, Nimchuk & Bergmann, 2018). This indicates that SPCH 
does not directly influence terminal differentiation of cellular intermediates into guard cells, 
but rather acts on divergence of cellular intermediates in the amplifying and spacing pathways 
of asymmetric division. SPCH is noted to exhibit indirect control of stomatal formation, where 
SPCH levels determine the path of progression of meristemoid cells through the stomatal 
lineage. This was demonstrated in a study by Pillitteri & Torii (2007), where meristemoids 
with extended SPCH activity were suppressed from exiting a stem cell-like state of asymmetric 
division. The antagonistic relationship between MUTE and SPCH has also been identified, 
with increased intracellular MUTE levels serving as a critical switch for meristemoid escape 
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from asymmetric division and differentiation into GMCs (Davies & Bergmann, 2014; Han et 
al., 2018). 
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Figure 1. Pathway underlying stomatal development based on combined experimental data 
collected for the model plant Arabidopsis thaliana. In the peptide signalling pathway, negative 
regulators EPF1/2 compete with STOMAGEN for binding sites on TMM/ERf/SERK 
complexes to activate the MAPK cascade and inhibit activity of SPCH downstream by 
MPK3/6-mediated phosphorylation of serine and threonine residues in the N-terminus and 
MAPK target domain of the SPCH transcription factor. Through action of brassinosteroids 
(BR) on BRI1/SERK receptor complexes, both positive and negative regulation of stomatal 
development can occur. By BR negative regulation, the activity of BIN2 can be suppressed, 
preventing YODA phosphorylation (leading to the continued inhibition of SPCH activity). By 
BR positive regulation, BIN2 suppression prevents phosphorylation of SPCH, hence 
maintaining its activity. Active SPCH stimulates the progression of PDCs into MMCs, and 
MMC transformation into SLGCs and meristemoids by asymmetric (entry) division. MUTE 
activity modulates GMC formation and FAMA activity modulates symmetric divisions as 
GMCs transition into mature guard cells. ICE1 associates with SPCH, MUTE and FAMA to 
ensure appropriate functionality of the bHTH transcription factors in the regulation of cell fate 
transitions. Also included are the cell fate transition possibilities for the various cells of the 
stomatal lineage. 
 
Expression of FAMA is induced post-differentiation of stomatal cell precursors into 
GMCs, with the primary function to arrest further symmetric division and ensure termination 
of proliferative meristematic activity to preserve guard cell morphology and functionality. 
Without the inhibitory regulation of FAMA, stomatal development is hijacked by incessant 
symmetric division of GMCs, forming tumours that ultimately disrupt epidermal physiology 
(Shirakawa, Ueda, Shimada & Hara-Nishimura, 2016). 
Despite the activities and expression patterns of SPCH, MUTE and FAMA being 
clearly illustrated to be co-integrated, at present little is known about interactions between these 
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critical master regulators of stomatal development (Han & Torii, 2016). For instance, specific 
mechanisms pertaining to how SPCH and MUTE may modulate each other’s expression are 
currently unknown (Han & Torii, 2016). Studies have shown that SPCH binds to the MUTE 
promoter, however further investigation is required to determine the molecular factors involved 
in the initiation of MUTE promoter binding and subsequent domination of MUTE in late 
meristemoids (Han & Torii, 2016; Lau et al., 2014).  
Beyond the peptide induced signalling cascade, the heterodimeric partners INDUCER 
OF CBP EXPRESSION 1/SCREAM (ICE1/SCRM) or SCREAM2 (SCRM2) associate with 
SPCH, MUTE and FAMA and are critical for ensuring appropriate cell-fate transitions within 
the stomatal lineage (Lau & Bergmann, 2012). Together, SPCH and the transcriptionally self-
activated SCRM contribute to a negative feedback loop through the targeted enhancement of 
TMM and EPF2 expression, for the predicted purpose of reducing SPCH activity to prevent 
any further protodermal cells from entering the stomatal lineage (Hara et al., 2009; Horst et al., 
2015).  It was found that MUTE exhibits binding capacity to TMM and SCRM promoters and 
is critical for FAMA initiation and thus stomatal maturation through FAMA promoter binding 
(Han et al., 2018). Both MUTE and SPCH are capable of binding to the EPF2 promoter with 
conflicting effects on expression, such that MUTE acts to repress the original SPCH signal by 
reducing EPF2 transcript levels, whilst maintaining the TMM/ERf complex for binding to 
EPF1 (Han et al., 2018). EPF1 is critical in the maintenance of stomatal patterning, predicted 
to suppress cells adjacent to GMCs from becoming guard cells by inhibiting their progression 
through the stomatal lineage (Hara et al., 2009). 
Through a detailed examination of genetic pathways involved in stomatal development, 
it is clear that gene product interactions are highly dynamic. Such sheer complexity of pathway 
interactions highlights a need to focus on key regulatory switches, such as the bHTH 
transcription factors MUTE, SPCH and FAMA to guide our ability to alter stomatal variation. 
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With greater resolution regarding the extent of stomatal control of these regulatory switches, 
we may gain a greater capacity to fine-tune stomatal distribution characteristics in commercial 
plants for enhanced climate adaptation. 
 
1.4  Stomatal development in the dicotyledons versus the grasses 
The genes regulating stomatal development possess a remarkable level of conservation across 
plant families. A recent study illustrated the ancient origins of the TMM/EPF/ERECTA 
signalling pathway, where insertion of the moss Physcomitrella patens derived TMM and EPF1 
into Arabidopsis thaliana EPF knockout mutants was capable of partially restoring stomatal 
density phenotypes (Caine et al., 2016). The functional extension of the TMM/EPF module 
from basal bryophytes to A. thaliana provides significant evidence that the 
TMM/EPF/ERECTA module is also highly likely to be functionally conserved in the grass 
stomatal lineage. The evident conservation of gene products in the stomatal development 
pathway is further highlighted in studies examining cereals, where master regulator SPCH, 
MUTE and FAMA orthologs were identified in rice and maize (Chater et al., 2016; Liu, 
Ohashi-Ito & Bergmann, 2009). In addition, SPCH and FAMA orthologs have been identified 
as required for correct stomatal distribution and formation in rice cultivars (Hepworth, Caine, 
Harrison, Sloan & Gray, 2018; Liu, Ohashi-Ito & Bergmann, 2009). Despite inferred 
conservation of stomatal development genes across plant families, the extent to which gene 
products are under parallel mechanisms of control is highly questionable, as evidenced by a 
combination of major morphological differences in stomata and their patterns of development 
between dicotyledons and the grasses, which include the world’s economically important grain 









Figure 2. Illustration of pathway variability in stomatal development in Arabidopsis thaliana 
versus the grasses. In grasses, GMCs and subsidiary mother cells (SMCs) formed within two 
separate lineages associate to form mature stomatal complexes consisting of a guard cell pair 
flanked by subsidiary cells (SC) of perigenous origin (A and D). In Arabidopsis, a series of cell 
state transitions of the MMC leads to the formation of a guard cell complex with surrounding 
pavement cells (PC) of mesogenous origin (B). (C) shows the stages of mature stomatal 
complex formation in the grasses. ICE1 and the SPCHs have roles in stomatal file specification 
and selection of precursors for GMC formation. MUTE is translocated from GMCs (light green 
cells) to adjacent cells to promote SMC formation and polarisation (large purple cells), and 
PAN2 has roles in SMC asymmetric division by inducing function of PAN1 downstream, 
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forming PCs (white with purple nuclei) and SCs (small purple cells). The role of MUTE in 
grass guard cell formation is ambiguous at this stage – however, MUTE is implicated as critical 
for guard cell formation in domestic grasses – whether MUTE directly participates in 
symmetric division in grasses is unknown. FAMA and SCRM2 activity is required for 
appropriate maturation of the stomatal complex. EPF1 is predicted to negatively regulate ICE1 
through a putative MAPK cascade, however this requires experimental verification.  
 
As shown by Figure 2, observational studies in the grasses versus the model dicotyledon 
Arabidopsis thaliana reveals a stark divergence in stomatal complex development. Stomatal 
development under an A. thaliana model involves the formation of kidney shaped guard cells 
by a mesogenous pathway, where cells of the stomatal complex and their neighbours each 
descend from progenitors in the stomatal lineage (Nunes, Zhang & Raissig, 2019). Members 
of the grass family produce guard cells of a dumbbell morphology, flanked by subsidiary cells 
(SCs) that are formed by perigenous development, such that SCs of the stomatal complex are 
not descended from progenitors in the guard cell stomatal lineage (Rudall, Hilton & Bateman, 
2013). Unlike the pavement cells (PCs) of A. thaliana, PCs surrounding grass stomatal 
complexes originate from the asymmetric divisions of subsidiary mother cells (SMCs) and are 
thus also of perigenous origin (Figure 2). The molecular basis behind such developmental 
variation in grasses has been recently assessed using a Brachypodium model and has revealed 
a number of discrepancies between the dicot and monocot stomatal lineage. First, SPCH has 
undergone a duplication event in grasses which has led to a paralogous pair with partial 
redundancy, directing early stomatal development (Hepworth, Caine, Harrison, Sloan & Gray, 
2018; Liu, Ohashi-Ito & Bergmann, 2009). The SPCH pair holds potential in cereal stomatal 
density control, as SPCH2 knockouts show greater reduction in density than SPCH1 knockout 
mutants (Raissig, Abrash, Bettadapur, Vogel & Bergmann, 2016).  
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Contrasting A. thaliana, ICE1 and SCRM2 do not exhibit functional redundancy in 
grasses, where ICE1 specifically acts during asymmetric entry division, while SCRM2 
contributes to the modulation of guard cell morphogenesis and differentiation (Raissig, Abrash, 
Bettadapur, Vogel & Bergmann, 2016). Furthermore, some divergence of functionality has 
been characterised for MUTE and SPCH in the monocot lineage (Liu, Ohashi-Ito & Bergmann, 
2009). Deviation of MUTE functionality in grasses is illustrated by results of recent studies 
unveiling that MUTE is critical for the formation of the grass exclusive SCs by promoting SC 
recruitment (Raissig et al., 2017). The prominence of MUTE as a major regulator of stomatal 
development in grasses has excellent potential for future cereal improvement, as it has been 
extensively demonstrated that SC mechanics allow for more effective regulation of stomatal 
aperture and that MUTE knockouts are incapable of SC formation (Hepworth, Caine, Harrison, 
Sloan & Gray, 2018; Raissig et al., 2017). Thus, using MUTE as a molecular lever to modulate 
SC development provides an additional target for cereal climate adaption and enhanced WUE 
by genetic improvement. Raissig et al. (2017) revealed that MUTE migrates from GMCs into 
SMCs, indicating that MUTE activity in SC development is still derived from the stomatal 
lineage and translocated to progenitor SCs. Future studies focusing on the regulatory 
mechanisms directing MUTE transport to progenitor SCs, and MUTE targets of the SC 
development pathway may be beneficial to determine how best to regulate SC formation for 
cereal climate adaptability. FAMA orthologs have been inferred to maintain similar 
functionality between dicots and the grasses, yet studies indicate that FAMA is not required in 
the suppression of excessive symmetric division of GMCs in grasses and instead is predicted 
to work in concert with SCRM2 in morphogenesis of the stomatal complex to full maturity 
(Nunes, Zhang & Raissig, 2019; Wu et al., 2019). 
There exist similarities in peptide signalling for stomatal development between A. 
thaliana and the grasses. For instance, EPF1 overexpression reduces stomatal density in barley 
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as documented in Arabidopsis (Hara et al., 2009). Further interrogation of barley EPF1 is 
required to determine whether HvEPF1 functions to regulate the stomatal lineage through a 
similar pathway to A. thaliana or via an alternate system. Strangely in grasses, ICE1 appears 
more detrimental to stomatal development than SPCH, as hinted by changes to MAPK target 
domains in Brachypodium SPCH versus A. thaliana. ICE1 knockouts are stomataless in 
Brachypodium even when SCRM2 is induced to express early, whereas only double knockouts 
of SCRM2 and ICE1 prevent stomata formation in Arabidopsis (Raissig, Abrash, Bettadapur, 
Vogel & Bergmann, 2016). Thus, it is predicted that putative MAPK cascades exist in grasses 
that regulate cell entry into the stomatal lineage primarily by EPF1-induced ICE1 targeting via 
MAPK mediated phosphorylation, leading to down-regulation of ICE1 rather than SPCH 
(Figure 2), however further experimentation is needed to confirm pathway mechanics (Nunes, 
Zhang & Raissig, 2019). In wheat, orthologs have been identified for a related peptide, 
EPIDERMAL PATTERNING FACTOR-like protein 9 (EPFL9), that is a known positive 
regulator of stomatal development in Arabidopsis (Hepworth, Caine, Harrison, Sloan & Gray, 
2018). In rice, EPFL9 knockouts exhibit 8-fold reduction in stomatal density relative to 
controls, indicating the presence of both positive and negative regulatory mechanisms govern 
the grass stomatal lineage (Yin et al., 2017).  
A combined assessment of dicot and monocot pathways of stomatal development 
reveals multiple points of contrast.  Three major differences exist between the grasses and A. 
thaliana, as shown by Figure 2. First, no meristemoid stage exists in grasses, suggesting 
stomatal precursors directly form GMCs by asymmetric division and thus do not exhibit self-
renewal capacity (Serna, 2020). Second, the formation of SCs in grasses by pathway mechanics 
that are currently not well characterised. Finally, the formation of filed stomata parallel to the 
leaf vein, leading to ordered stomatal distribution in grasses versus scattered distribution in A. 
thaliana (Hepworth, Caine, Harrison, Sloan & Gray, 2018). Since high levels of conservation 
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have been revealed to exist in genes that regulate stomatal development in plant families, such 
variation in stomatal development may be attributed to alternative wiring of gene networks, 
such as the modification of ICE1, SCRM2 and MUTE roles observed in grasses. Hence, 
although our understanding of stomatal development is extensive in A. thaliana, there is 
substantial evidence that the use of an A. thaliana model for genetic improvement is limiting 
our ability to harness the true molecular potential of stomatal control in cereal crops. It is thus 
essential that a greater understanding of the grass stomatal lineage and its regulatory 
mechanisms are manifested to ensure increased productivity of barley molecular selection and 
breeding strategies.  
 
1.5  Climate resilient barley through genetic improvement 
The barley genome is expansive and one of the largest sequenced to date, consisting of 5.1 Gb 
(Giga base pairs) and over c.39,000 coding genes in a set of seven chromosomes (Mascher et 
al., 2017; Wicker et al., 2017). Its diploid nature makes barley a flexible species for 
experimental analysis in assessing molecular mechanisms underlying agronomically 
favourable traits (Swati, Tiwari, Kumar, & Goel, 2018). A defining feature of the barley 
genome is its large composition (80%) of mobile genetic elements, serving as building blocks 
for epigenetic modulation (Slotkin & Martienssen, 2007; Wicker et al., 2017). Over the past 
decade, the barley draft sequence has served as a critical tool for identifying genes associated 
with important agronomic traits pertaining to yield and environmental resilience (The 
International Barley Genome Sequencing Consortium, 2012; Fan et al., 2016; Hazzouri et al., 
2018). Further advances have led to completion of the barley reference genome, which opens 
additional avenues for genetic interrogation (Mascher et al., 2017; Monat et al., 2019).  
With access to the complete barley genome, novel suites of genes are rapidly being 
characterised that are suspected to underlie phenotypes attributed to increased yield, improved 
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grain quality, and tolerance to biotic and abiotic stress. For instance, a recent study has unveiled 
a series of QTLs in barley suspected to influence variation in grain size and weight, which led 
to the isolation of 45 associated genes (Wang et al., 2019). Grain size and weight are major 
determinants of cultivar productivity and can ultimately bolster the economic viability of a 
selected genotype. By utilisation of complete genome data, Wang et al. (2019) were able to 
gain increased resolution to identify genes controlling grain size, and also discover the 
extension of function of a smaller gene subset in other cereals by identifying orthologous 
sequences in rice, maize and wheat. This discovery in turn suggested the presence of similar 
molecular control mechanisms of grain size and weight as barley in other cereals, which 
enhances the potential of manipulating these candidate genes to bolster yield characteristics 
across a range of crop species.  
In addition to yield associated traits, reference genome assisted studies have expanded 
to identify critical genes for barley environmental tolerance, including those implicated in 
salinity, heat and drought tolerance (Gous, Hickey, Christopher, Franckowiak & Fox, 2015; 
Gudys et al., 2018; Mwando et al., 2020). It is clear that with the advent of whole genome 
sequence accessibility, the isolation of critically relevant genes by QTL mapping for 
agricultural traits has become highly efficient, and has caused an increase in QTL based studies 
in recent years for genomic characterisation (Collins, Tardieu & Tuberosa, 2008; Xu, Li, Yang 
& Xu, 2017).  
A  study investigating the genetic basis of the black grain trait in barley, identified a 
suite of 21 candidate genes isolated through QTL mapping and fine mapping of a doubled 
haploid population derived from a cross of Tibetan landrace W1 and commercially relevant 
Hindmarsh genetic lines (Long et al., 2019). Resolution of the statistically significant marker 
containing region was made possible with the aid of complete reference genome data, which 
also served critical for the design of new primers for novel markers used in fine-mapping (Long 
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et al., 2019; Mascher et al., 2017). Future functional analysis of critical genes within the QTL 
mapping region would be considerably beneficial to gain further insight into the genetic basis 
of barley environmental resistance, as the black grain trait is noted to be associated with a 
variety of biotic and abiotic stress tolerance mechanisms in wild populations, to the extent 
where only pigmented grain phenotypes are prevalent at altitudes beyond 4000m (Choo, 2002).  
Indeed, with the advent of advancements in bioinformatics and genetic databases, there 
exists a plethora of community-accessible sequence information and database alignment tools, 
including, for example, the Barleymap tool which combines marker information from the 
combination of Barley Physical Map and the Morex reference genome data (Mascher et al., 
2017; The International Barley Genome Sequencing Consortium, 2012). In addition, the 
ENSEMBL (https://plants.ensembl.org/index.html) and GrainGenes 
(https://wheat.pw.usda.gov/) genome browsers, which use the IBSC_v2 and MorexV2 
assemblies respectively, serve as valuable resources for the identification of novel candidate 
genes underlying agronomic traits of interest. Both databases provide a combination of easily 
accessible information pertaining to sequence data, gene structure and domain architecture to 
assist in bioinformatics based functional prediction. Such technology can aid in our capacity to 
further understand the underlying gene regulation of agronomic traits in barley. Post-gene 
identification, the presence of CRISPR/Cas9 gene-editing technology grants the potential to 
build gene networks in concert with transcriptomics, to further enhance our understanding of 
gene functionality whilst directing our selection of desirable polymorphisms, and produce 
superior barley cultivars genetically suited for specified agricultural purposes. Such work has 
recently aided in the construction of regulatory networks in barley under drought stress (Han 
et al., 2020; Hong, Ni & Zhang, 2020).  
Current research has provided significant knowledge regarding the genetic basis of 
yield and stress tolerance related phenotypes in barley species. In particular, a substantial level 
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of resolution has been gained regarding the identification of genes implicated in barley drought 
tolerance by QTL mapping studies focussing on populations generated from crosses of 
agronomically relevant cultivars and wild barley lines. Resistance to drought in barley is a 
complex quantitative trait – a notion that is consolidated by the relatively low individual impact 
of single QTLs on drought tolerance phenotypes observed across multiple studies (Pham et al., 
2019; Wehner, Balko, Enders, Humbeck & Ordon, 2015). There exists a generous level of data 
underlying the genetic basis of drought tolerance. However, a substantial investigation is yet 
to be conducted regarding the molecular characterisation of barley stomatal development, 
despite stomatal density and morphology being repeatedly documented as major contenders 
for the genetic improvement of WUE, in addition to possessing relatively high values of 
heritability (Delgado et al., 2019; Guo et al., 2019; Hughes et al., 2017). This situation is made 
further urgent by the fact that no data currently exists on the identification of critical genes in 
barley stomatal development, and any barley related studies that have investigated stomatal 
density, all use gene orthologs that have been characterised in an A. thaliana model (Hughes 
et al., 2017).  
As discussed earlier, striking differences are observed in both stomatal morphology and 
underlying developmental pathways between A. thaliana and the grasses, which hinders the 
effectiveness genetic analysis of stomatal control in cereal crop species based on an A. thaliana  
model. To discover prominent genes influencing stomatal characteristics in barley, molecular 
strategies can be improved for breeding cereal species with high WUE. Access to community 
genome data allows for accelerated characterisation of candidate genes underlying key 
agronomic traits by QTL identification.  
In recent years, genome-wide association studies (GWAS) have become an 
increasingly powerful tool in agricultural genetics, with the potential to reveal suites of genes 
previously unknown to be associated with complex quantitative traits, or otherwise confirm 
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conserved functions of genes previously identified in closely related plant species (Zhang et 
al., 2019). The emergence of GWAS as a prominent tool for the investigation of quantitative 
traits and the genetic mechanisms underlying their variability, can be attributed to rapid 
advancements in next-generation sequencing technologies, which allow for greater resolution 
of complex genetic signatures in time frames previously unachievable with past methodologies 
due to technical limitations (Liu & Yan, 2018). The effectiveness of GWAS has been 
repeatedly demonstrated as a multitude of publications continue to report novel QTLs for 
agronomic improvement, including those associated with morphological traits impacting yield. 
For instance, a GWAS on drought tolerance revealed a number of candidate genes positively 
associated with tiller number, which is a morphological phenotype critically linked to yield 
(Jabbari et al., 2018).    
Through using the barley reference genome and an SNP marker dataset (reported in 
Hill et al. (2020), in combination with phenotypic data collected for a globally derived barley 
population, it becomes possible to identify the candidate genes implicated in stomatal density 
control by a genome-wide association study (GWAS) (Hill et al., 2020; Mascher et al., 2017). 
Candidate gene identification may assist in the future design of molecular markers specific to 
candidate genes controlling stomatal density for cultivar improvement through molecular 
marker-assisted selection (Liu, Sun, Ren, Li & Sun, 2015). Further database assisted 
interrogation of candidate genes may aid in functional prediction for future analysis. Moreover, 
through the use of transcriptomic data collected from future CRISPR/Cas9-induced gene 
knockouts or overexpression mutants for the identified candidate gene, this can potentially 
direct the construction of gene networks modulating stomatal density control in this 
economically important cereal species (Contreras-López, Moyano, Gutiérrez & Soto, 2018; 
Sen et al., 2020). 
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1.6  Research objectives 
 
We are now living in an era where the agricultural impacts of drought are becoming 
increasingly evident, as reflected in observed yield losses and reduced survivability of essential 
crops including rice, wheat and barley globally. Previous studies have demonstrated that 
reducing stomatal density enhances WUE, thus improving drought tolerance. Its combined 
economic importance, excellent adaptive capacity and general amenability to extreme 
reductions in stomatal density, make barley a desirable candidate for stomatal modifications to 
produce yield stable, drought resistant cultivars. Effective improvement of barley WUE 
requires a detailed understanding of the genetic mechanisms underlying stomatal density 
control, to which data is expansive in the model eudicot Arabidopsis but virtually absent for 
the monocotyledonous grasses.  
A thorough comprehension of the stomatal density trait for genetic selection in barley, 
requires phenotypic and genetic characterisation of a large, globally derived population.  To 
determine whether stomatal density correlates with the traits of leaf width and length, could 
help establish whether genes for stomatal density and leaf morphological traits are coregulated 
in barley. An understanding of the phenotypic variability of stomatal density, would allow for 
the identification of varieties with optimum stomatal density for breed adaptation to drought 
prone environments. In addition, knowledge of the genetic structure of the study population, 
may assist in directing future breeding strategies targeted to improve WUE in barley. Finally, 
the identification of novel QTLs and candidate genes for stomatal density, may provide new 
molecular targets for enhanced WUE and improve our understanding of the stomatal density 
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Through this research project the following hypotheses will be investigated: 
1. Variation in stomatal density is correlated at three leaf locations in the global 
barley collection. 
2. Variation in leaf morphology (leaf length and width) is correlated with stomatal 
density in the global barley collection. 
3. Phenotypic variation of stomatal density is evident in the global barley collection. 
4. Statistically significant differences in stomatal density are apparent in the global 
barley collection based on geographic origin, row type, and/or growth habit. 
5. Genetic substructures of the global barley collection are admixed and segregate 
based on geographic origin, row type, and/or growth habit. 
6. Stomatal density in barley is a polygenic trait, under the control of multiple 
quantitative trait loci (QTLs). 
7. Candidate genes for stomatal density in barley are homologous with genes 
controlling stomatal density in model plants, therefore gene networks governing 
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2.1  Plant preparation and growth conditions  
A globally derived barley population consisting of 308 domestic varieties and landraces was 
selected for stomatal density phenotyping and subsequent GWAS analysis. The population 
included varieties with origins in the Middle East (n = 5), South America (n = 25), Europe (n 
= 65), North America (n = 92), Africa (n = 5), Asia (n = 9), and Australia (n = 107). A small 
subset (n = 4) of the study population were wild barley lines, all sourced from the Middle East. 
The majority of varieties possessed a spring type growth habit (n = 255), with smaller subsets 
grouped under the winter type (n = 20) and facultative (n = 2) growth categories.  Growth habit 
was unknown for 33 varieties. A total of 283 varieties possessed the two-row phenotype versus 
23 with six-row, and two with unknown row type. Individuals were grown under natural 
temperatures and lighting conditions from July to November 2020 in outdoor facilities at 
Murdoch University, Perth Western Australia (Geographic coordinates: 32°04′S, 115°50′E). 
Plants were watered twice per day and grown in tray pots supplemented with Osmocote® 
controlled release and NPK ‘Blue’ granular fast release fertiliser. In addition to the varieties 
from the study population (n = 308), five varieties where the complete genome sequence is 
already known and readily available, were also selected for stomatal density phenotyping (RGT 
Planet, Morex, Igri, Golden Promise, and Barke). The five varieties were grown in tray pots 
containing Osmocote® slow release and NPK (Blue) granular fast release fertilisers in 
December 2020 and January 2021, in a glasshouse facility located at Murdoch University in 
Perth, Western Australia (Geographic co-ordinates: 32°04′S, 115°50′E) under natural 
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2.2  Phenotypic analysis of stomatal density variation 
2.2.1  Stomatal density quantification and imaging 
Flag leaves were collected from plants at Feeke’s stage 10.51 (early-flowering), 45 days since 
sowing (Feekes, 1941; Large, 1954). Sampling was performed over a two-week period. The 
flag leaf was taken from 939 individual barley plants, where each variety was sampled as three 
biological replicates. Thus, 313 varieties were sampled overall, and included the 308 varieties 
to be used for GWAS analysis plus the additional five varieties with complete genome 
sequence data outlined in section 2.1. All leaf samples were measured for length from the leaf 
base to tip (in cm) and width at the widest point of the leaf (in mm). Post-sampling, fresh leaves 
were coated at the base (an area spanning from the base edge to approximately 1cm towards 
the tip) with a single layer of Benecos® brand clear nail varnish. For a randomly selected subset 
of the study population (n = 29 varieties), nail varnish was also applied to the leaf tip (an area 
spanning from the tip edge to approximately 1cm towards the base) and the leaf centre (a 1cm 
region located at the widest part of the leaf). Nail varnish was applied to the adaxial (upper) 
surface of leaves and left to cure for 20 minutes. Once dry, the clear layer was removed using 
Sellotape® clear sticky tape and transferred to a clean glass slide. Leaf surface transfers were 
viewed under 200´ total magnification using a Saxon Researcher NM11-4100 Biological 
Microscope. Leaf surface images were captured using a Dino-Eye Edge AM7025X camera. 
An image was captured at three different locations (views) of the slide for each sample (noting 
that 1mm2 of leaf area was visible for a single view). The number of stomata in each view was 
counted accordingly, forming three technical replicates per sample. After counting, the 
stomatal density was averaged across the three technical replicates for each sample. The 
stomatal density was then averaged for each of three biological replicates to attain the average 
stomatal density (number of stomata/mm2 of leaf area) for a particular variety. For the leaf 
length and width measurements, measurements were attained from three biological replicates 
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per variety. An average measurement was then calculated for each set of biological replicates 
per variety to attain the average width and length measurements of leaves collected for each 
variety in the study population.  
 
2.2.2  Correlation and distribution of stomatal density measurements 
For a subset of samples (n = 29 varieties), the extent of correlation in stomatal density was 
assessed for the middle and tip, tip and base, and base and middle of the leaf respectively, using 
a linear regression model and Pearson correlation test.  
A frequency distribution histogram with fitted density curve was constructed in 
RStudio version 3.3.2 for population distribution analysis of stomatal density measurements (n 
= 308 varieties) using the ggplot2 package (Wickham & Sievert, 2016). Distribution fitting 
functions under the fitdistrplus package in RStudio, were used to construct a quantile-quantile 
(QQ) plot and Cullen and Frey graph, in order to determine the closet theoretical distribution 
that stomatal density data resembled. Summary statistics were calculated for stomatal density 
measurements of the study population (in addition to the leaf width and length measurements 
collected), using the rstatix package in RStudio. Barley lines were classified as low or high 
stomatal density varieties, based on the possession of an average stomatal density measurement 
within the lowest 25% (< the first quantile (Q1) value) or highest 25% (> the third quantile (Q3) 
value) of measurements in the study population. The same method was used for classification 
of varieties with low and high measurements of leaf width and length in the study population.  
The relationship between stomatal density was assessed relative to leaf length and width 
respectively through the use of a linear regression model and Pearson correlation test. 
Correlation analysis was performed in RStudio using the ggplot2 package.  
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2.2.3  Leaf width, length, and stomatal density distributions by geographic 
origin, row type, and growth habit 
To determine whether a statistically significant difference in stomatal density existed between 
varieties based on continental origin, the average stomatal density was calculated for varieties 
within each geographic category. Violin plots were then created for the 303 barley varieties in 
the study population grouped by origin from Africa (n = 5), Asia (n = 9), Australia (n = 107), 
Europe (n = 65), North America (n = 92), and South America (n = 25). Varieties from the 
middle east were omitted for this study due to the unique nature of individuals sampled from 
this region. These wild Middle Eastern varieties were derived from a specific mountainous 
location where two contrasting populations are exposed to primarily shaded versus high light 
intensity day conditions. Since the purpose of this analysis was based on general assumptions 
about traditional weather patterns across each geographic region as an entirety and how they 
may have affected stomatal adaptations over time, these varieties were not included due to 
suspected impacts on results reliability. To assess whether a statistically significant difference 
was evident in stomatal density based on row type and growth habit, the average stomatal 
density was calculated for varieties based on their row type (two-row or six-row) and growth 
habit (spring type or winter type) respectively. Varieties with a facultative growth habit (2) 
were omitted from analysis due to the small sample size for this category. A total of 23 varieties 
comprised the six-row phenotype versus 283 with the two-row phenotype. In terms of growth 
habit, 255 varieties possessed a spring type habit versus 20 with the winter type habit. Violin 
plots were then constructed to compare the distributions of stomatal density based on row type 
and growth habit categories.  
Additional analysis was performed in the same manner as outlined above (i.e., 
comparing groupings of varieties by geographic origin, row type and growth habit) for the trait 
of leaf length and leaf width in the study population. 
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The ggplot2 package in RStudio was used for creation of the violin plots. In addition, 
the one-way ANOVA test function in RStudio was used to determine if a statistically 
significant difference in average stomatal density was evident between any of the stomatal 
density groups categorised by geographic origin, and a two-sample T-test was used to assess 
differences in stomatal density based on row type, or growth habit. The Tukey post-hoc test 
function in RStudio was used to determine which groups had a statistically significant 
difference in cases where multiple means were compared (i.e., the measurements grouped by 
geographic origin). Assumptions of a normal distribution and homogeneity of variance for each 
group of measurements (required for ANOVA and T-test validity), were assessed using the 
ggqqplot and Levene test functions in RStudio respectively. Summary statistics for each group 
were calculated using the get_summry_stats function of the rstatix package in RStudio.  
 
2.3 Characterisation of genetic structure in the study population  
Population structure was investigated to gain insights into the genetic composition of the study 
population. Substructures revealed in a large population may be a potential source of 
ambiguous genetic associations in succeeding GWAS and thus it is desirable that an 
understanding of population structure be established prior to such analysis (Alhusain & Hafez, 
2018). An assessment of genetic structure would also assist in identifying the level of genetic 
complexity in the population, thus providing insights into the ancestral backgrounds of 
varieties in this study and possible sources of their stomatal density variation, which may help 
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2.3.1  ADMIXTURE analysis 
Evaluation of population structure using ADMIXTURE was achieved by processing the 
original genotype file (as reported in Hill et al. 2020, comprising allele information collected 
for 632 varieties at 38,139 genome-wide, high confidence SNP (single nucleotide 
polymorphism) markers) through a combination of software programs. First, the genotype file 
was filtered using VCF tools (https://vcftools.github.io/index.html) to include only the 298 
varieties present in the study population to which genotype data was available. The genotype 
data was then filtered in PLINK1.9 (Chang et al. 2015) to retain SNP markers with a minor 
allele frequency (MAF) > 0.05, yielding 23,155 remaining markers. LD (linkage 
disequilibrium) pruning of the MAF filtered genotype data was performed in PLINK to remove 
SNPs with strong linkage disequilibrium, so as to only retain SNPs representative of ‘haplotype 
blocks’ (groups of SNPs that are inherited together in a non-random manner). LD pruning 
assisted in the reduction of the computational load of forthcoming ADMIXTURE runs, without 
removing critical elements of population structure. The parameters outlined for LD pruning 
included a window size of 50 (the number of SNPs considered, to which LD will be calculated 
for each pair of SNPs in the window), step size of 5 (the number of SNPs the window will shift 
forward to repeat the LD calculation), and pairwise r2 threshold of 0.05 (the LD threshold – 
one member will be removed from the pair for any pair of SNPs with LD > 0.05). LD pruning 
resulted in the retainment of 11,472 SNP markers. The LD pruned genotype data was used for 
analysis of population structure in ADMIXTURE version 1.3.0 
(https://dalexander.github.io/admixture/index.html).  
Prior to the assessment of population structure, the best estimation of K (the number of 
sub-populations) was determined by calculation of the cross-validation (CV) error for K from 
1 to 12 for 100 replicate runs in ADMIXTURE, using a 10-fold CV procedure. The average 
CV for each K from the 100 replicate runs was calculated in excel and plotted in RStudio. The 
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most likely estimate for the number of sub-populations (K) was determined based on the lowest 
average CV values.  
Q matrix output (comprising the membership probabilities/coefficients or relative 
proportions of genetic ancestry derived from each sub-population for each variety) was first 
aligned and subsequently merged in POPHELPER version 2.3.1 
(https://github.com/royfrancis/pophelper). Using the merged membership coefficients, a 
stacked bar plot was generated with POPHELPER to illustrate the relative ancestry proportions 
of each variety arranged by their respective subpopulation.  
 
2.3.2  Principal component analysis (PCA)  
Using PLINK, the original genotype file comprising 38,139 high confidence SNP sites was 
filtered to exclude SNP sites with a MAF < 0.01 for the study population (n = 298 varieties). 
The subsequent genotype file (yielding 33,872 markers) was used to perform principal 
component analysis (PCA) in TASSEL version 5.2.67 (Bradbury et al., 2007). Using the first 
two principal components (PC1 and PC2), PCA plots were constructed using the ggplot2 
package in RStudio and colourised based on the geographic origin, row type, and growth habit 
of varieties in the study population. Varieties to which the attribute was unknown for 
geographic origin, row type or growth habit were removed prior to principal component 
analysis of the respective category for the study population. 
 
2.3.3 Phylogenetic analysis  
The SNP dataset comprising 33,872 genome-wide, high confidence markers (filtered in PLINK 
to exclude SNPs with a MAF < 0.01) was used for phylogenetic tree construction. SNP array 
data was available for 298 varieties from the study population. The phylogenetic tree was 
constructed in TASSEL using the neighbour joining clustering method, generating a distance 
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matrix showing pairwise genetic associations between varieties based on identity by state (IBS) 
similarities for SNP markers. The Archeopteryx Tree program in TASSEL was used for 
phylogenetic tree visualisation. 
 
2.4  GWAS analysis for the identification of major QTLs 
Phenotypic data for stomatal density was combined with genotype (SNP array) data to perform 
GWAS for the study population. Genotype data was available for 298 varieties from the study 
population, where varieties were screened for genetic polymorphism at 38,139 SNP marker 
sites. Genetic markers within the panel were mapped against the barley reference genome using 
the IBSC_v2 assembly (Mascher et al., 2017). Prior to GWAS analysis, markers with a MAF 
< 0.05 were filtered from genotype data using PLINK as in the methods described previously 
(see section 2.3.1). Genotype data consisted of 23,155 markers post-filtering in PLINK. GWAS 
analysis was performed using TASSEL version 5.2.67 using both mixed linear (MLM) and 
general linear (GLM) statistical models.  
A significant challenge posed by GWAS is the possibility of attaining specious 
conclusions as a result of unaccounted for patterns of relatedness that arise from a combination 
of population structure and kinship effects. Thus, both PCA output and distance matrix data 
were used as additional components in GWAS for the purpose of negating these potential 
spurious associations between statistically significant markers and the trait of stomatal density. 
The distance matrix was generated in TASSEL to define the relative pairwise genetic 
similarities between individuals in the study population based on IBS (Appendix C, Figure 1). 
Construction of a distance matrix with IBS associations defines loci with identical marker 
genotypes between varieties, without taking into account ancestral determinants of identical 
genotypes at a given locus. A distance matrix based on IBS was chosen over a distance matrix 
which defines genotypes based on identity by descent (IBD). This was due to the fact that 
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matrices based on IBS, which illustrate observed genetic relationships indicated by marker data, 
are reported to impart higher accuracy with reduced bias versus IBD matrices, that conversely 
rely on expected average genetic relationships defined by pedigrees (Lee et al., 2010; Velazco 
et al., 2019). In addition, the study population consisted of a diverse collection of accessions 
with geographically and historically distinct origins, and as such pedigree information was not 
available that could define whether identical genotypes at a given locus was due to inheritance 
from a common ancestor. PCA analysis was performed using 5PCs (principal components) 
with the genotype data in TASSEL.  
The intersect join tool in TASSEL was used to combine phenotype, population structure 
(i.e., the PCA output) and genotype data. The assimilated data was then used to perform 
analysis by association using a GLM. To generate MLM output, the distance matrix was also 
selected in combination with the assimilated data. Manhattan plots were created in RStudio 
with the qqman package (D. Turner, 2018) using marker P-values generated in TASSEL for 
the MLM and GLM. QQ plots were created for the output of both the GLM and MLM, in order 
to assess the observed versus the theoretical quantiles for the -log10P-values attained for the 
trait of stomatal density. These plots assisted in identifying the most suitable GWAS model for 
further marker investigation. 
The traditional significance threshold for hypothesis tests (i.e., p < 0.05) typically 
requires adjustment for use in GWAS analysis. This is a result of the multiple simultaneous 
comparisons of genetic loci across the genome inevitably yielding a proportion of false positive 
significance values for a trait of interest (Fadista et al., 2016). The significance threshold 
should therefore be more stringent to reduce the probability of spurious associations in 
GWAS. Bonferroni correction is among the most commonly used methods to reduce the 
likelihood of false associations and assumes independence among the association tests (Sidák, 
1967). However, the extent of stringency to be employed for significance thresholds, typically 
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depends on the genetic characteristics of the study population. For example, a population with 
high linkage disequilibrium effectively reduces the number of statistical comparisons 
and therefore the significance threshold may be more lenient (Panagiotou & Ioannidis, 
2011). Consequently, the Bonferroni correction has recently been considered too 
conservative. Based on the significance thresholds used in studies performed by Padyukov et 
al. (2010) and Wang et al. (2013), in addition to the possibility of rejecting markers with true 
trait associations, a significance threshold of p < 0.001 (-log10P > 3) was selected for GWAS 
analysis of the study population.  
For statistically significant markers/QTLs (-log10P > 3) revealed using a GLM, the 
distribution of stomatal density was compared for homozygous genotypes, and a two-sample 
T-test used to determine if a statistically significant difference in stomatal density was evident 
for homozygotes of the major and minor allele at the marker using RStudio. For select 
statistically significant markers, violin plots were also produced in RStudio with the ggplot2 
package to compare the distributions of stomatal density measurements for varieties 
homozygous for major and minor alleles at the respective marker position in the study 
population.  
 
2.5  Candidate gene identification and functional prediction 
Statistically significant markers (-log10P-value > 3) identified by GWAS were used to assist in 
candidate gene identification. Using the ENSEMBL barley genome browser (comprising the 
IBSC_v2 genome assembly) a 500Kb region (250Kb each side of the statistically significant 
marker) was searched. The nucleotide and amino acid sequences of candidate genes were then 
retrieved from the barley MorexV2 genome assembly (Monat et al. 2019), to identify gene and 
protein orthologs using NCBI nucleotide and protein BLAST algorithms respectively. Further 
interrogation pertaining to the functional nature of candidate gene sequences, was performed 
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using a combination of the NCBI Conserved Domain (CD) search protein domain annotation 
service (https://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi), The Arabidopsis Information 
Resource (TAIR) (https://www.arabidopsis.org/) and the UniProt database 
(https://www.uniprot.org/). Putative domain architectures in candidate genes were compared 
to protein orthologs identified from ENSEMBL in other species using the CD search service 
to help predict the functional identify of candidate gene protein products. Sequence alignments 
were produced for the candidate genes using the Clustal Omega version 1.2.2 (Sievers et al., 
2011) to determine all currently documented polymorphisms present in the candidate genes 
across the barley pangenome (Jayakodi et al., 2020).   
 
2.6  Genotyping of the study population for a candidate gene 
encoding a subtilisin-like protease 
2.6.1  Design of gene-specific molecular marker primers 
The SNP of interest identified for genotyping of the study population was located at position 
589954065 of the candidate gene HORVU4Hr1G078720 on chromosome 4 based on the 
MorexV2 genome assembly (see results section 3.4). Primers were designed using KASP 
(Kompetitive Allele Specific PCR) primer methodology (Bernardo et al., 2015). By the KASP 
method, two common forward primers were designed, where the SNP was designated as the 
final nucleotide at the 3’ end. The forward primer with a 3’ end specific to the major allele ‘C’, 
comprised a DNA tail sequence at the 5’ end complementary to nucleotide sequences 
containing the Fluorescein (FAM) fluorescent dye label. In turn, the forward primer specific to 
the minor ‘G’ allele at the 3’ end, comprised a distinct DNA tail sequence at the 5’ end 
complementary to nucleotide sequences containing the Victoria Green Fluorescent Protein 
(VIC) fluorescent dye label. A common reverse primer was also designed that was specific to 
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a sequence identical across the entire barley pangenome for the candidate gene. The principle 
of KASP incorporates amplification of target sequence with the SNP and subsequent 
production of short ~100-300bp amplicons. Depending on the SNP located in the target 
sequence, the amplicons will either contain a FAM dye label (from the incorporation of a 
forward primer sequence specific to the major allele ‘C’) or a VIC dye label (from the 
incorporation of a forward primer specific to the minor allele ‘G’). To check for highly similar 
sequences which may impact the specificity of the KASP primers, the whole gene sequence 
(2370bp) of HORVU4Hr1G078720, in addition to the designed primer sequences, were 
compared to sequences in the ‘Barley all CDS Morex v2.0 2019’ and ‘Barley Pseudomolecules 
Morex v2.0 2019’ databases using the IPK Barley BLAST server (https://webblast.ipk-
gatersleben.de/barley_ibsc/viroblast.php). Primer3 version 0.4.0 was used to assist in primer 
optimisation (Untergasser et al., 2012; https://bioinfo.ut.ee/primer3-0.4.0/) in combination 
with SnapGene version 5.2.4 for primer design and visualisation on the candidate gene 
sequence. Primer sequences designed for KASP genotyping can be found in Table 3. Primers 
were designed to generate PCR products with a size of 103bp. 
 
2.6.2  Molecular marker based PCR genotyping 
Fine DNA extraction was previously performed by Dr. Xiao-Qi Zhang over the years of 2012-
2018 for 308 varieties in the study population using the rapid CTAB (cetyl-trimethyl-
ammonium bromide) method (Stewart & Via, 1993). To confirm specificity of the primers 
designed for KASP genotyping for the SNP of interest in the candidate gene 
HORVU4Hr1G078720, DNA samples previously collected for three varieties with high 
stomatal density (CDC Meredith, C01P-66 and VB904) and five varieties with low stomatal 
density (Roe, Schooner, Brindabella, SVB21, and CDC Unity) were amplified using standard 
PCR. PCR products were then run on 2% agarose gel for visualisation by agarose gel 
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electrophoresis. A working solution for each primer of 10μM concentration was created by 
addition of 10μL of the 100μM primer stock solution to 90μL of Milli-Q purified water – the 
working solution was used for the addition of primers to the PCR master mix. A PCR master 
mix for 10 reactions was created using the PCR master mix protocol as shown in Appendix F, 
Table 1 (where reagent volumes to be combined for the master mix were multiplied by 10 to 
obtain the amount required for formulation). GC buffer was not included in the formulation of 
the PCR master mix, and thus the equivalent volume of GC buffer required was substituted 
with Milli-Q purified water. Using the above process two master mix solutions were developed, 
one containing the FAM primer specific for the major allele, with the second solution 
comprising the VIC primer specific for the minor allele. Note that both solutions contained the 
reverse primer.  
To prepare the standard PCR reactions, 9μL of PCR master mix containing either the 
VIC or FAM forward primer was combined with 1μL of DNA template from each variety. The 
resulting 16 PCR reaction solutions, each with a volume of 10μL, were run using a general 
thermal cycling program [94℃ for 3 minutes; (94℃ for 15-30 seconds; 60℃ for 15-30 
seconds; 72℃ for 15-30 seconds) for 35 cycles; 72℃ for 5 minutes; hold at 14℃ ]. 
A 2% agarose gel was prepared using 100mL of diluted TAE buffer to visualise PCR 
products, and 4μL of 100bp DNA ladder was added to the first well, followed by the 10μL 
solutions comprising the PCR products to each successive well. The electrophoresis unit was 
set at 100 Volts (V) and run for 40 minutes. Images of PCR gels were captured following 
electrophoresis with the Vilber Lourmat Infinity Capture UV-based gel imaging system. 
Captured images were visualised using Infinity Capture software version 15.07.  
Following confirmation of primer specificity, KASP was performed for 308 varieties 
in total from the study population (see Figure 3 for an overview of the workflow used for KASP 
amplification). A KASP reaction mix and the KASP assay mix (to be added to the KASP 
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reaction mix) was formulated for 320 reactions, using the protocol shown in Appendix F, Table 
2. 1μL of DNA template from each sample was added to a 384-well plate, where a single well 
would consist of template DNA from one variety, followed by 4μL of KASP reaction mix. 
Two negative controls, each with absent template DNA, were also included in the 384-well 
PCR plate, to help assist in validation of the reliability of obtained genotyping results. For the 
non-template controls (NTCs), 1μL of water was combined with the KASP reaction mix in 
substitution of the DNA template. After addition of reagents and DNA samples, the 384-well 
plate was sealed with AXYGEN® 70μm ultra-clear PCR film and centrifuged at 2000g (relative 
centrifugal force) for 2 minutes.  Upon completion of centrifugation, the plate containing the 
KASP PCR reactions was loaded into a ViiA7 Real-Time PCR machine under the specified 
thermal cycling program [30℃ for 1 minute; 94℃ for 15 minutes; (94℃ for 20 seconds; 60℃ 
for 40 seconds) for 10 cycles; (94℃ for 20 seconds; 55℃ for 40 seconds) for 29 cycles]. 
Following PCR amplification by KASP, samples were cooled at < 40 ℃ (to allow for 
quenching of unincorporated FAM and VIC labelled oligonucleotides) and the level of FAM 
and VIC fluorescence measured from the DNA samples using the ViiA7 Real-Time PCR 
machine. A file comprising the KASP assay fluorescent signal data was retrieved from the 
ViiA7 Real-Time PCR machine and loaded into QuantStudioTM Real-Time PCR Software 
(version 1.3) for genotype data visualisation. QuantStudio was used to generate an allelic 
discrimination plot to compare the relative fluorescence of VIC and FAM labels present in 
each amplified DNA sample.  
To assist in the validation of genotypes determined following KASP analysis, standard 
PCR was additionally performed for the study population (n = 308 varieties) by pipetting 1μL 
of template DNA from each variety separately into a 384-well PCR plate (such that each well 
contained 1μL of DNA from a unique variety). PCR master mix was then assembled for 320 
reactions as per the PCR master mix protocol in Appendix F, Table 1. In this instance, a single 
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master mix was formulated using the VIC forward primer specific for the minor allele G. Since 
GC buffer was not included in the master mix, the equivalent volume of water was added in 
substitution. 9μL of PCR master mix was then added to the template DNA in each well, and 
completed reactions sealed with AXYGEN® 70μm ultra-clear PCR film. Standard PCR 
reactions were then run using the general thermal cycling program used previously [94℃ for 
3 minutes; (94℃ for 15-30 seconds; 60℃ for 15-30 seconds; 72℃ for 15-30 seconds) for 35 
cycles; 72℃ for 5 minutes; hold at 14℃.] 
Three large 2% agarose gels were prepared for agarose gel electrophoresis of PCR 
products each using 200mL of diluted Tris/Borate/EDTA (TBE) buffer, in addition to a smaller 
gel using 100mL of diluted TAE buffer. Prior to the addition of DNA samples, 4μL of 100bp 
DNA ladder was added to the first well of each row in the gel. 10μL of the sample DNA 
amplified by standard PCR was then added to the gels (where a single well comprised the 
amplicons from a single variety). The three large gels were run at 120V for 60 minutes, with 
the small gel at 100V for 40 minutes. Images of PCR products were captured using the same 
gel imaging system and software outlined for the standard PCR performed previously.  
For a subset of 29 varieties with ambiguous genotypes that could not be determined 
following the combination of KASP and standard PCR based approaches, DNA was re-
amplified using two separate runs of standard PCR to assist in the discrimination of genotypes. 
Two separate master mixes were once again formulated containing the FAM and VIC forward 
primer respectively. The PCR master mixes for the first run were formulated for 40 reactions 
(using the PCR protocol in Appendix F, Table 1) and without GC buffer (substituting the 
required buffer volume with water as outlined previously). For the second run, the PCR master 
mixes were also formulated for 40 reactions and included GC buffer to assist in the optimisation 
of primer efficiency. 1μL of DNA from each separate variety was added to a well in a 384-well 
PCR plate, followed by 9μL of PCR master mix. Note that for this PCR set up, 1μL of DNA 
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from each unique variety was added to two separate wells, to which the FAM containing master 
mix would be added to one well and VIC containing master mix to the remaining well. The 
first PCR run used the general thermal cycling program for standard PCR as outlined 
previously. The second run (with GC buffer) used an annealing temperature of 62℃ (rather 
than 60℃) – [94℃ for 3 minutes; (94℃ for 15-30 seconds; 62℃ for 15-30 seconds; 72℃ for 
15-30 seconds) for 35 cycles; 72℃ for 5 minutes; hold at 14℃]. 2% agarose gels were 
formulated using 200mL of diluted TBE buffer for visualisation of PCR products from both 
runs. After transfer of the set gel to the electrophoresis unit, 10μL of each DNA sample 
amplified using the VIC primer was added to wells in the row above, and 10μL of DNA 
amplified using the FAM primer added to the row below. The gels were run for 60 minutes, 
using 120V, and images of PCR products captured using the gel imaging system and software 
utilised in previous gel runs. 
Using the combined data collected following both KASP and standard PCR analysis, 
genotyping was performed and varieties in the study population were placed into one of three 
groups based on genotype (homozygous for allele C, homozygous for allele G, or heterozygous 
C/G). The average stomatal density of groups homozygous for the major allele C versus the 
minor allele G was then compared (using a two sample T-test in RStudio), to determine if a 
statistically significant difference in stomatal density was evident between the haplotypes for 
candidate gene HORVU4Hr1G078720. Violin plots comparing the distributions of stomatal 
density for the major and minor alleles were then compiled in RStudio using the ggplot2 
package.  
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Figure 3. Workflow used for genotyping of an SNP of interest at position 589954065 on chromosome 4, located within the candidate gene 
HORVU4Hr1G078720 encoding a subtilisin-like protease. First, two forward primers specific to the major and minor alleles at the SNP position were 
designed for KASP genotyping, in addition to a common reverse primer. Prior to SNP analysis by KASP, a small subset of DNA samples from the study 
population was amplified by standard PCR and run on 2% agarose gel to confirm primer specificity for the major and minor alleles. Following confirmation 
of primer specificity, KASP was performed for 308 varieties in the study population and relative fluorescence of the VIC and FAM labels was recorded 
using the ViiA7 Real-Time PCR system. QuantStudio Real-Time PCR Software was then used for data visualization, allelic discrimination plot generation 
and genotyping. To enhance the reliability of the genotyping results, standard PCR was also performed for 308 varieties and PCR products visualized on 
2% agarose gel using the VIC primer designed for the minor allele ‘G’. Varieties to which genotype data remained ambiguous following KASP and 
standard PCR analysis were re-assessed using two separate runs of standard PCR using the ‘G’ specific VIC primer and ‘C’ specific FAM primer 
respectively. PCR products of both runs were then visualized by agarose gel electrophoresis. 
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3.1    Phenotypic assessment of the stomatal density trait in barley 
3.1.1   Stomatal density is correlated at three leaf locations 
Preliminary sampling of the flag leaf from 29 varieties was performed and stomatal density 
was quantified for each variety at three major positions of the leaf (base, middle and tip), to 
determine if variation in stomatal density was correlated across locations of the leaf. The 
association between stomatal density measurements was statistically significant at all three 
combinations of leaf location, thus providing evidence of correlation (P < 0.001 – Figure 4A, 
B and C). Stomatal density variation at the leaf base relative to the leaf centre (Figure 4A) 
demonstrated the strongest positive linear correlation (Pearson correlation co-efficient ‘R’ = 
0.92). As shown by Figure 4B and C, a moderately high level of positive linear correlation was 
observed for stomatal density at the leaf centre relative to the tip, followed by the leaf base 
relative to the tip, with R values of 0.77 and 0.72 respectively. The combined results revealed 
that stomatal density covaries at the three major locations on barley leaves. As a result, only 
one part of the leaf was sampled for future analyses. The leaf base was consequently selected 
for successive sampling of the study population (n = 308 varieties) that would be used in the 
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Figure 4. Scatterplots A, B and C show the extent of correlation in stomatal density observed 
for various combinations of leaf location for a subset of 29 varieties derived from the study 
population. Scatterplots E and F show the extent of correlation observed for average stomatal 
density in the study population (n = 308) relative to leaf length and width, respectively. 
Included with the scatter plots are confidence bands (dark grey) and linear regression line (red), 
in addition to the correlation co-efficient (R) and its associated P-value (p). A frequency 
Mean = 51 stomata/mm2 
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distribution histogram of stomatal density with fitted density curve is shown by plot D, with 
the average stomatal density and standard deviation reported for the population (n = 308).  The 
average stomatal density is represented as a red dotted line. Stomatal density was quantified as 
the number of stomata per mm2 of leaf area. The Pearson correlation test was used in the 
calculation of the correlation coefficient and statistical significance for A, B, C, E and F. 
 
3.1.2  Correlation between stomatal density and leaf width, but not leaf 
length  
Correlation analyses was carried out to investigate the possibility that stomatal density 
variation was dependent on changes in leaf morphology (defined as the length and width of 
leaves for this study). The Pearson correlation coefficient calculated for stomatal density in 
relation to leaf length (R = 0.025) was not statistically significant (P = 0.66), thus indicating no 
relationship between the two variables (Figure 4E). Conversely, the coefficient value was 
statistically significant for stomatal density relative to width (P = 0.016), therefore stomatal 
density and leaf width were considered to be correlated in the barley species (Figure 4F). 
However, the degree of correlation was observed to be low for leaf width relative to stomatal 
density measurements (R = 0.14) (Figure 4F). 
 
3.1.3  High levels of stomatal density variation are evident in the population 
As shown in Figure 5, a high level of phenotypic variation was observed for the trait of stomatal 
density in the study population. Stomatal density of the study population ranged from 21 
stomata/mm2 to 99 stomata/mm2, with an average density of 51 stomata/mm2 and a standard 
deviation (SD) of 12 (Figure 4D; Appendix A, Figure 2A). Half of the stomatal density 
measurements lied between 43 stomata/mm2 and 58 stomata/mm2, with an interquartile range 
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of 15 (Appendix A, Figure 2A). Low stomatal density varieties (< 43 stomata/mm2) were 
identified with diverse geographic origins including Australia, Asia, North America and Europe. 
A subset of these low stomatal density varieties are listed in Table 1 for future use in breeding 
programs to enhance WUE. Varieties with a low stomatal density generally exhibited larger 
stomatal complexes (Figure 5A and B) versus high density varieties (> 58 stomata/mm2), which 
displayed smaller stomatal complexes (Figure 5C and D). Frequency distribution analysis 
revealed that the stomatal density of the study population was widespread with a distribution 
shape close to that of a normal distribution (Figure 4D).  Based on the points of the QQ plot 
following an approximately straight diagonal line, and the relative proximity of the distribution 
to a normal distribution in the Cullen and Frey graph, the stomatal density measurements were 
closest to a normal distribution (Appendix A, Figure 1A and B).  
 
Table 1. List of select barley accessions from the study population possessing low values of 
stomatal density. Also included with each variety are the leaf length and width measurements, 
in addition to the attributes for geographic origin, row type, and growth habit. N/A: data not 
available. 
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Figure 5. Images A – D show variation in stomatal density on the leaf surface for different 
varieties within the study population – Roe (A), Schooner (B), TR158 (C) and CDC Meredith 
(D). A and B were classified as low stomatal density varieties (< 43 stomata/mm2), with C and 
D as high stomatal density varieties (> 58 stomata/mm2). Leaf surface images were captured at 
200x total magnification. Stomata are circled in red. Scale bars (0.06mm) are included at the 
bottom right corner of each image. 
 
3.1.4    Stomatal density variation is not dependent on geographic origin, row 
type, or growth habit  
The lowest average stomatal density was observed for varieties originating from Africa (43.4 
stomata/mm2, SD = 19.4), with the highest average density observed for varieties with 
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Figure 6A, the distribution of stomatal density measurements was relatively uniform for all 
geographic categories. The relatively uniform distribution of stomatal density measurements 
observed by comparison of the violin plots, indicated that the average stomatal density was not 
significantly different for varieties originating from the regions investigated. This observation 
was confirmed with the combined output of the one-way ANOVA and Tukey post-hoc tests, 
which revealed no statistically significant difference in stomatal density between any of the 
relative geographic regions (P-values > 0.05) (Appendix B, Figure 5A). As a result, it was 
determined that observed patterns of variability in stomatal density for the study population 
did not have a geographic component. 
Row type and growth habit were additionally investigated as possible phenotypic 
determinants for the observed variation in stomatal density present in the study population. In 
terms of row type (Figure 6B), the distribution of stomatal density measurements was roughly 
uniform for the two-row and six-row type. A similar observation was noted for the distribution 
of stomatal density for varieties with a spring type and winter type growth habits (Figure 6C). 
The mean stomatal density of two-row varieties was 50.6 stomata/mm2 (SD = 12.2), versus 
53.3 stomata/mm2 for six-row varieties (SD = 8.25) (Appendix B, Figure 2B), and the mean 
stomatal density for varieties with the spring type growth habit was 51.3 stomata/mm2 (SD = 
11.6) versus 52.4 stomata per mm2 for the winter type growth habit (SD = 10.3) (Appendix B, 
Figure 2C). All P-values obtained for T-tests assessing stomatal density for row type and 
growth habit were > 0.05 (Appendix B, Figure 5B and C) thus indicating that no statistically 
significant difference in stomatal density exists between varieties based on row type and 
growth habit. 
Comparison of the distributions for leaf width and length showed a relatively uniform 
distribution of measurements for both the geographic origin and growth habit categories 
(Appendix B, Figure 1Ai, Aiii, Bi and Biii). However, the leaf width and length measurements 
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were clearly distributed at higher values for six-row varieties versus two-row varieties, which 
was especially noticeable for the leaf width measurements (Appendix B, Figure 1Aii and Bii). 
For leaf length measurements, no statistically significant difference was identified based on 
growth habit (Appendix B, Figure 6C). The ANOVA output for leaf length based on 
geographic origin returned a P-value < 0.05, suggesting that a difference in leaf length was 
evident between the geographic groups (Appendix B, Figure 6A). However, no statistically 
significant difference between any combination of the geographic categories was detected 
following Tukey post-hoc analysis (Appendix B, Figure 6A). A statistically significant 
difference (P = 0.014) was identified for leaf length measurements based on row type using a 
two-sample T-test (Appendix B, Figure 6B).  A mean leaf length of 9.87cm (SD = 2.85) was 
observed for six-row varieties, versus 8.25cm (SD = 2.31) for two-row varieties (Appendix B, 
Figure 3B). For leaf width measurements, a statistically significant difference (P = 0.00013) 
was observed only for varieties based on row type (Appendix B, Figure 7B). Six-row varieties 
were wider on average, with a mean width of 9.26mm (SD = 2.07) versus 7.24mm (SD = 2.03) 
for the two-row type (Appendix B, Figure 4B). The combined results for leaf width suggested 
that variation in leaf width is associated with row type, however, not with geographic origin,  
nor growth habit. The statistical outcomes for leaf length also suggested an association with 
row type but not for growth habit. The ANOVA test P-value indicated an association between 
variation in leaf length and geographic origin, however, no significant P-values were identified 
for geographic pairs under the Tukey post-hoc test.  
The ANOVA and T-test assumption of normality was validated based on the 
observation that sample measurements followed a pattern relatively close to a theoretical 
normal distribution in the QQ plots generated for all sample groupings for stomatal density, 
length and width based on geographic origin, row type and growth habit (Appendix B, Figure 
8, 9 and 10). In addition, the ANOVA and T-test assumption of equal variance between groups 
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was confirmed by Levine test output, which returned P-values > 0.05 for most groups involved 
in each set of analyses comparing stomatal density, length, and width based on grouping by 
geographic origin, row type and growth habit (Appendix B, Figure 11). A significant Levene 
test P-value (P = 0.048) was returned for distributions of stomatal density based on row type, 
and as such the validity of the T-test P-value may be affected as a result when considering these 









Figure 6. Violin plots showing the distribution and frequency of average stomatal density measurements arranged by geographic origin (A), row 
type (B) and growth habit (C). Violin plots are overlayed onto boxplots for each grouping. No statistically significant difference in stomatal density 
was observed in the study population for any of the geographic, row type, or growth habit categories. Stomatal density was quantified as the 
number of stomata observed per mm2 of leaf area.  
 
(A) (B) (C) 
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3.2  Underlying patterns of population structure identified in the 
study population 
3.2.1  Genetic diversity of the study population 
Based on the lowest cross-validation (CV) error value following a 10-fold CV procedure using 
the average of 100 iterations for K = 1 – 12, the number of subpopulations was determined to 
be 8 for the varieties selected for GWAS analysis (n = 298 varieties) (Figure 7). The average 










Figure 7. Cross-validation (CV) error values plotted on the Y-axis for each possible value of 
K (number of ancestral sub-populations) plotted on the X-axis. Based on the lowest average 
CV error values, K = 8 (indicated by the red vertical line) was determined as the most suitable 
estimate for the study population (n = 298 varieties).  
 
As shown by Figure 8A, all subpopulations demonstrated some degree of admixture 
with other subpopulations, however, the degree of admixture was not equivalent among these 
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subpopulations. Varieties aligned within Population 1 showed lower levels of genetic diversity 
and included a high proportion of varieties (over 50%) possessing a membership proportion > 
0.9 for this subpopulation. Varieties aligned within Populations 4 and 5 also showed 
comparatively low levels of admixture, followed by Population 7, 8 and 2 respectively. 
Greatest complexity of population structure was observed for varieties in Population 3, to 
which members exhibited highly derived ancestries from neighbouring subpopulations. In fact, 
all but one variety aligned within Population 3 possessed a membership proportion < 0.5 for 
this subpopulation (Figure 8A). A similar level of diversity was also observed for varieties 
aligned within Population 6 (Figure 8A).  
Population structure analysis revealed complex patterns of admixture across the 
entirety of the study population. As indicated by the bar plot of relative ancestry proportions in 
Figure 8A and the determined number of ancestral subpopulations (K), a relatively high level 
of structural complexity, marked by extensive admixture, was evident in the study population 
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Figure 8. Population structure analyses for 298 barley accessions from the study population.  
(A) shows a stacked bar plot generated from ADMIXTURE analysis. The vertical coloured line 
segments in the bar plot represent the membership proportions of each variety for one of 8 
ancestral subpopulations. Plots using the first two principal components (PC1 and PC2) for the 
study population are colourised based on geographic origin (B), row type (C) and growth habit 
(D). Phylogenetic trees were also colourised based on geographic origin (E), row type (F), and 
growth habit (G).  
        
Population 1 Population 2 Population 3 Population 4 Population 5 Population 6 Population 7 Population 8 
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3.2.2   Genetic associations of barley varieties in relation to geographic origin, 
row type, and growth habit 
Following PCA analysis, the formation of a major grouping was observed to the right of the 
PCA plot, with two smaller groups located to the top and bottom left of the plot (Figure 8B, C 
and D). When the PCA plot was colourised based on the geographic origin of varieties in the 
study population (Figure 8B), the group on the lower left (at PC1 values close to -30), 
comprised varieties primarily from North America, followed by varieties from Australia and a 
single variety from Europe. The group on the top left (located at -30, 20 PC1 and PC2 
coordinates respectively), showed no clear clustering pattern for geographic origin, with 
varieties from multiple regions observed to cluster together (Figure 8B). In terms of the largest 
grouping revealed following PCA analysis, moderate clustering was observed for Australian, 
North American and European varieties, however, such varieties also clustered closely with 
each other (i.e., some North American varieties were observed to be more closely related to 
Australian varieties than other North American varieties). Minimal clustering was observed for 
varieties from Asia, Africa, and South America; however, similar trends were also noted such 
that for example, some Asian varieties were more closely related to North American varieties 
than varieties sharing Asian continental origins (Figure 8B). When colourised based on row 
type (Figure 8C) and growth habit (Figure 8D) an indistinct clustering pattern was observed. 
However, it should be noted that in terms of growth habit, there was some clustering of winter 
type accessions within the grouping located at -30, 20 coordinates for PC1 and PC2 (Figure 
8D).  
As with the previous PCA analysis, the phylogenetic tree was colourised based on the 
geographic origin, row type, and growth habit of varieties. In terms of geographic relationships, 
a minimal level of clustering was observed for Australian, European, South American, and 
North American varieties (Figure 8E). Once again, a similar trend was observed in the 
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phylogenetic tree as was seen with the PCA analysis, such that some North American clusters 
maintained a closer genetic relationship to Australian, South American or European clusters in 
particular rather than other North American clusters and vice versa. For the Asian, African, 
and Middle Eastern varieties, clustering could not be observed, which could have been in part 
due to the small sample sizes of these populations.  In terms of row type, partial clustering of 
the less abundant six-row accessions was observed, with five varieties forming the largest and 
most definitive cluster in the bottom right side of the tree (Figure 8F). Partial clustering was 
additionally observed near the same region for winter type varieties colourised based on growth 
habit (Figure 8G), of which some winter accessions also possessed the six-row trait.  
Relatively ambiguous clustering patterns of varieties following both PCA and 
phylogenetic analysis were observed. Thus, the genetic relationships between varieties could 
only be weakly associated, if at all, to that of the geographic origin, row type, or growth habit 
of varieties in the GWAS study population. 
 
3.3    GWAS reveals major QTLs associated with stomatal density 
in barley 
Based on the QQ plots, genome-wide deflation of the quantile distribution was observed under 
both the GLM and MLM, where observed -log10P-values were lower than the expected -log10P 
values as quantiles of the expected distribution approached higher values of -log10P. This 
observed deflation was attributed to the corrections for both population structure and kinship 
that were incorporated as additional components of analysis using the respective linear models. 
A GLM (incorporating PCA output but not the distance matrix) was considered most suitable 
for GWAS analysis of the study population, since the QQ plot (Figure 9B) demonstrated that 
the GLM possessed greater capacity for correction of population structure versus the MLM 
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(Appendix C, Figure 2B). This was indicated by both adherence of the majority of observed -
log10P-values to the expected distribution (however, a low level of deflation was observed 
between the -log10P-values of 2-2.8 and 3.2-4), in addition to the greater degree of inflation for 
observed -log10P-values relative to the expected distribution in the GLM QQ plot as they 
approached higher -log10P-values (when compared to the MLM model).  
Following GWAS analysis using the GLM method, 17 statistically significant SNP 
markers (QTLs) were identified, with at least one QTL present on all chromosomes except 
chromosome 3 (Figure 9A; Appendix C, Table 1).  Of these QTLs, two were located on the 
portion of the genome that is yet to be mapped to a physical chromosome position (this portion 
of the genome was referred to as ‘Un’ in this study). All QTLs were identified based on the 
presence of -log10P-values > 3 (P-value < 0.001) in the GLM output (Figure 9A; see Appendix 
C, Table 1 for P-values). Of the 17 statistically significant SNP markers (QTLs) isolated using 
a GLM, 11 were also identified as statistically significant using the MLM (See Appendix C, 
Table 1). In terms of location, five markers were identified as intragenic (located inside the 
candidate gene), of which two (C4H27195982 and C4H27196001) were located within the 
same gene (Table 2). The remaining markers were classified as intergenic (not located within 
a high confidence gene region based on MorexV2 assembly annotations). However, three 
intergenic markers were located close to high confidence candidate genes of interest, with a 
position < 70Kb from the gene sequence (Table 2).  
Candidate genes were selected for each respective marker based on functional 
information gathered from a variety of web-based tools. Eight SNP markers (located on 
chromosome 2, 4, 5, 6 and 7 respectively) were found to be located close to candidate genes 
suspected to impact stomatal density based on implied experimental and bioinformatic data 
(Table 2). Of the eight SNP markers, three (C7H599452115,  D2H622777996, and 
L5H000407647) exhibited a statistically significant partitioning (P < 0.05) of stomatal density 
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measurements, for varieties homozygous for the major (most common) or minor (less 
common) allele variants of the respective marker based on a two-sample T-test (Figure 12; 
Appendix C, Table 2). A statistically significant difference (P < 0.05) was also observed for 
the markers D1H004236033, L1H017313985, L2H748058032, LUnH056307928, 
LUnH116721327, L5H169497876 and L5H169497883 (Appendix C, Table 2). However, 
these markers could not be associated with a candidate gene, due to the presence of low-
confidence gene sequences in the vicinity of the marker. Such sequences were generally small 
(<700bp), lacked conserved domain architectures and had no reported orthologous genes – thus, 
no putative functions could be reported.  
It should be noted that of the 17 the significant markers identified following GWAS, 
D1H004236033, L1H017313985, L2H748058032, L7H640050109, L7H652583028, and 
LUnH142379404, possessed a homozygous genotype frequency for the minor allele that was 
below 0.04 (less than 4% prevalence in the study population). As a result, these markers were 
treated as ambiguous for reliability, due to the possibility that low genotype frequency may 
have inflated the observed significant -log10P-values.  
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Figure 9. Manhattan plot (A) illustrating the statistically significant markers for the trait of stomatal density. Labelled markers were located close to or 
within candidate genes predicted to be associated with stomatal density. The confidence threshold for statistical significance (-Log10(P-value) of 3) is 
indicated by the red horizontal line.  Plots A and B were created using a general linear model (GLM). -Log10(P-value)s for the markers are located on 
the Y-axis, with marker position on the X-axis. Note: ‘Un’ refers to genomic regions not yet mapped to a chromosome position. A QQ plot (comparing 
the observed quantile distribution of -Log10(P-value)s on the Y-axis versus the expected distribution of -Log10(P-value)s on the X-axis) is included on 
the right for the manhattan plot (B). Observed deflation in the QQ plot was attributed to correction of population structure.  
(A) 
(B) 




Table 2. Candidate gene IDs, Pfam domain accessions, and functional annotations identified during bioinformatic investigation of statistically significant 
SNPs following GWAS analysis using a GLM.  SNP = single nucleotide polymorphism marker; MAF = minor allele frequency of the marker. The -log10(P-
value) is included for each marker. 
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3.3.1  A candidate gene encoding a subtilisin-like protease  
The second most significant P-value reported following GWAS analysis, was associated with 
marker L4H608611896 on chromosome 4, with a P-value of 2.03E-5 (-log10(P-value) of 4.69), 
R2 (%) of 6.97% (the percentage of phenotypic variation explained by the marker) and MAF 
of 0.06 (see Appendix C, Table 1 of GLM values; Appendix C, Table 2). At marker 
L4H608611896, the average stomatal density for homozygotes of the major allele A was 49.9 
stomata/mm2. An average stomatal density of 53.6 stomata/mm2 of leaf area was recorded for 
varieties homozygous for the minor allele G – thus, the stomatal density was ~7% higher for 
the minor allele, though the difference in average stomatal density for both alleles was not 
observed to be statistically significant (P = 0.18) using a two-sample T-test (Figure 12C; 
Appendix C, Table 2). Bioinformatic analysis of L4H608611896 revealed that the marker was 
in the closest proximity to the candidate gene HORVU4Hr1G078720, located ~63Kb upstream 
of L4H608611896 at position 608,545,855-608,548,864 on chromosome 4 in the IBSC_v2 
assembly. The MorexV2 assembly annotation revealed that HORVU4Hr1G078720 encoded a 
subtilisin-like protease. The gene was 2370bp in length, consisting of a single exon. Using 
ENSEMBL, a search revealed a suite of 92 orthologous genes to HORVU4Hr1G078720. The 
ortholog with the greatest similarity to HORVU4Hr1G078720 was identified as 
AET4Gv20737200, from the species Aegilops tauschii (Tausch's goatgrass). 
AET4Gv20737200 shared 85.79% identical sequence with HORVU4Hr1G078720 with 
99.83% whole genome alignment coverage (WGA) (values range from 1 – 100) (Appendix D, 
Figure 1). In addition, AET4Gv20737200 possessed a Gene Order Conservation Score (GOC) 
of 25, indicating that out of 4 of the closest gene neighbours to HORVU4Hr1G078720, one of 
these genes shared identical position in the genome with one of the four closest neighbours of 
AET4Gv20737200 (Appendix D, Figure 1). As a result of combined high sequence homology, 
partial gene order conservation, and high WGA, AET4Gv20737200 was classified by 
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ENSEMBL as a high confidence ortholog of the candidate gene HORVU4Hr1G078720. The 
ENSEMBL gene description of AET4Gv20737200 was noted as STOMATAL DENSITY 
AND DISTRIBUTION 1 (SDD1), projected from homology with the gene sequence of SDD1, 
also known as SBT1.2 (Gene ID: AT1G04110) from the model plant Arabidopsis thaliana. 
Functions of substantial interest reported by UniProt for SDD1 in Arabidopsis, included the 
modulation of stomatal complex morphogenesis and cellular proliferation, and the negative 
regulation of stomatal density (Appendix D, Figure 2). Subcellular associations for SDD1 
reported by UniProt included the apoplast (the environment encompassing non-living 
components such as the cell wall, and the surrounding extracellular fluid) in addition to the 
plasma membrane (Appendix D, Figure 3). 
The majority of additional orthologs identified via ENSEMBL for 
HORVU4Hr1G078720 were also inferred to possess SDD1 functionality, based on homology 
with the A. thaliana SDD1 sequence. The gene OsSDD1 (Gene ID: Os03g0143100), belonging 
to Oryza sativa Japonica Group, sharing 71.32% sequence homology with the candidate gene 
HORVU4Hr1G078720 and WGA of 99.81, was additionally classified by ENSEMBL as a 
high confidence ortholog (as a result of combined high query coverage and WGA values) 
(Appendix D, Figure 1). The Rice Annotation Project Database gene descriptions for the gene 
ID Os03g0143100 stated functional similarity to the SDD1 gene in Arabidopsis (Appendix D, 
Figure 4).  
The NCBI CD search service was used to further investigate common domain 
architectures possessed by the candidate gene HORVU4Hr1G078720 and its orthologous gene 
sequences. First, the DNA sequence of HORVU4Hr1G078720 was retrieved from the most 
recent barley genome assembly (MorexV2) and used to generate a graphical summary in CD 
search of conserved domains present in the candidate gene sequence. Based on the standard 
results view, the CD search for HORVU4Hr1G078720 revealed major hits including the 
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Peptidase S8 domain (cd04852;pfam00082), Fibronectin type-III domain (pfam17766), Serine 
protease domain (COG1404) and Inhibitor I9 domain (pfam05922) as shown in Figure 10A. 
In turn, the sequences of candidate gene orthologs AET4Gv20737200, Os03g0143100, and 
AT1G04110 were retrieved from ENSEMBL and subsequently searched against the CD 
database, revealing a strong consensus in domain architecture between the candidate gene 
HORVU4Hr1G078720 and its orthologs (Figure 10).  As shown in Figure 10A and B, 
conserved domains were identical between Os03g0143100 from Oryza sativa Japonica group 
and the candidate gene HORVU4Hr1G078720. AT1G04110 and AET4Gv20737200 also 
shared all domains revealed in the candidate gene HORVU4Hr1G078720 by the CD search 
database, in addition to possessing two additional domains, KAR9 (pfam08580) and large 
tegument protein UL36 (PHA03247) (Figure 10C and D). It should be noted however that these 
two domains not present in the candidate gene HORVU4Hr1G078720, were detected on 
reading frame 2 (denoted as RF +2) of the six possible open reading frame (ORF) translations 
of the input sequences of AT1G04110 and AET4Gv20737200, whilst all other domains in 
common between the candidate gene and its respective orthologs, were detected on reading 
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Figure 10. CD (Conserved Domain) search results in standard view, comparing relative domain architectures predicted for the DNA sequence of 
candidate gene HORVU4Hr1G078720 (A) to orthologs identified using the ENSEMBL genome browser - Os03g0143100 from Oryza sativa 
Japonica Group (B), AET4Gv20737200 from Aegilops tauschii (C) and AT1G04110 from the model plant Arabidopsis thaliana (D). 
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3.3.2  A candidate gene encoding a protein kinase 
The statistically significant marker L5H000407647, located on chromosome 5, possessed a P-
value of 7.83E-04 (-log10 (P-value) of 3.12), MAF of 0.29, and R2 (%) of 4.67% (see Appendix 
C, Table 1 of GLM values; Appendix C, Table 2). At marker L5H000407647 an average 
stomatal density of 51.8 stomata/mm2 of leaf area was observed for the major allele T, whereas 
varieties homozygous for the minor allele C possessed an average stomatal density of 47.3 
stomata/mm2 of leaf area. Thus, allele T had an ~9% higher average stomatal density and the 
difference was statistically significant (P = 0.0011) based on a two-sample T-test (Figure 12D; 
Appendix C, Table 2). The candidate gene HORVU5Hr1G000060 was identified using the 
ENSEMBL genome browser, 9.80Kb upstream of marker L5H000407647. 
HORVU5Hr1G000060, located at position 391,930-397,844 on chromosome 5 (based on the 
IBSC_v2 assembly), was the gene in closest proximity to this SNP of interest. The MorexV2 
annotation for candidate gene HORVU5Hr1G000060 indicated a sequence length of 5,041bp, 
in addition to the possession of 16 exons, with the product of HORVU5Hr1G000060 noted as 
a protein kinase. An additional marker L5H000407667 was identified following GWAS using 
an MLM and MAF > 0.05 (Appendix C, Table 1) and was also considered to be linked to 
candidate gene HORVU5Hr1G000060, which was located 9.82Kb upstream of the marker 
L5H000407667. ENSEMBL was revisited to identify orthologous genes which may provide 
further insight into the gene function of HORVU5Hr1G000060, and subsequently revealed 197 
orthologous genes. An ortholog of particular interest was identified as AT3G13670 from 
Arabidopsis thaliana, sharing 75.46% sequence similarity with the candidate gene 
HORVU5Hr1G000060 with a WGA coverage = 91.57 (Appendix D, Figure 5). AT3G13670 
was considered a high confidence ortholog by ENSEMBL based on sufficiently high sequence 
homology and WGA coverage (Appendix D, Figure 5). A comparison of the amino acid 
sequences obtained from ENSEMBL for HORVU5Hr1G000060 and AT3G13670 using the 
Honours Thesis  Brittany Robertson 
 87 
CD search service revealed virtually identical domain architecture shared between the putative 
candidate gene protein product and that of the protein product encoded by the AT3G13670 
sequence, with both gene products predicted as a casein kinase 1 family protein (Figure 11A 
and B). Further investigation of AT3G13670 using the TAIR model organism database, 
revealed that the gene protein product (also referred to as mixed lineage kinase 4 (MLK4) or 
PHOTOREGULATORY PROTEIN KINASE 1 (PPK1)), was a MUT-9 like protein kinase 
with specific functionality to phosphorylate the protein CRY2 (Cryptochrome-2) during 
periods of photoexcitation (Appendix D, Figure 6). AT3G13670 mutant phenotypes were 
additionally noted by the TAIR database to produce hypersensitive responses to ABA, leading 
to reduced stomatal aperture.  As CRY2 was identified as a target of PPK1 (encoded by the 
ortholog AT3G13670), subsequent examination of CRY2 functionality was performed using 
the UniProt database, revealing a diverse array of functions for the CRY2 photoreceptor, 
including light-mediated regulation of circadian rhythm associated processes, flower 
development, ABA levels, and immunity. Biological processes identified by UniProt of 
particular interest for this study was the association of CRY2 with the cell cycle, guard cell 
mechanics (regulation of the stomatal aperture) and most notably, guard cell formation 















Figure 11. CD (Conserved Domain) search results in Standard View comparing the relative 
domain architectures of amino acid sequences for candidate gene HORVU5Hr1G000060 (A) 
to the high confidence ortholog AT3G13670 from the model plant Arabidopsis thaliana (B) 





AT3G13670 (Arabidopsis thaliana) 
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3.3.3  Additional candidate genes revealed in GWAS analysis 
As shown by Table 2, statistically significant markers C4H27195982 and C4H27196001 were 
found to be located within the candidate gene HORVU4Hr1G009520 on chromosome 4, 
encoding a tubulin alpha chain protein as indicated by the MorexV2 assembly gene annotation. 
A search for orthologous genes with HORVU4Hr1G009520 using ENSEMBL, revealed 
significant similarity with the TUBA gene (also known as TID1) in Oryza sativa (subspecies 
Japonica), encoding a tubulin alpha-2 chain protein (with a percentage identity of 98.45%). 
The TUBA gene encoded by Oryza sativa was indicated by the UniProt database to influence 
mitotic cell division, in addition to cytoskeletal organisation. 
The candidate gene HORVU7Hr1G099010 was in nearest proximity to the statistically 
significant marker C7H599452115, located 396bp upstream on chromosome 7. As shown by 
Figure 12A and Appendix C, Table 2, the difference in stomatal density at marker 
C7H599452115 for varieties homozygous for allele T and C was 51 and 48.1 stomata/mm2 
respectively, with the difference classified as statistically significant following a two-sample 
T-test (P = 0.04). HORVU7Hr1G099010 was found to putatively encode a kelch repeat 
containing protein 1 based on the MorexV2 assembly gene annotation (Table 2). Using 
ENSEMBL, orthologous genes to HORVU7Hr1G099010 were searched. 
HORVU7Hr1G099010 was found to be orthologous with the ZTL gene in Arabidopsis, with a 
percentage identity of 73.48%. The ZTL gene, encoding a Galactose oxidase/kelch repeat 
superfamily protein, was noted by the UniProt database as associated with the regulation of the 
circadian clock.  
 The significant marker D2H622777996 on chromosome 2 was located within the gene 
HORVU2Hr1G086380, encoding a hydroxycinnamoyl-CoA shikimate/quinate 
hydroxycinnamoyl transferase based on the MorexV2 assembly gene annotation. Varieties 
homozygous for allele A at marker D2H622777996 had an average stomatal density of 49.2 
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stomata/mm2, versus 53.2 stomata/mm2 of leaf area for varieties homozygous for allele G, with 
the difference revealed as statistically significant via a two-sample T-test (P = 0.0059) (Figure 
12B, Appendix C, Table 2). As revealed by ENSEMBL, HORVU2Hr1G086380 was found to 
be orthologous with the gene HCT in Arabidopsis (sharing 64.90% identity with the candidate 
gene sequence). The protein product of the HCT gene, a shikimate O-hydroxycinnamoyl 
transferase, was identified using the UniProt database as involved in the organisation of cell 
wall components.  
A single statistically significant marker on chromosome 6 was revealed following 
GWAS analysis - D6H477083048, located within the gene HORVU6Hr1G068760, encoding 
an inorganic pyrophosphatase as detailed by the MorexV2 annotation. As a result of homology 
with a high confidence gene ortholog, AT2G18230 from Arabidopsis thaliana (with a 
percentage identity of 72.43%), HORVU6Hr1G068760 was considered to encode a protein 
product most similar to the product of gene PPA2 encoding a soluble inorganic 
pyrophosphatase 2. Based on UniProt data pertaining to protein function, PPA2 was found to 
contribute to the thickening of cell walls, possibly via pectin biogenesis.  
An additional significant marker, C2H697168336, was located within the candidate 
gene HORVU2Hr1G102590 encoding a Foricaula/Leafy-like Transcription Factor (based on 
the MorexV2 gene annotation).   
The protein products reported here in 3.3.3, have not previously been linked to stomatal 
density in plants based on experimental and bioinformatic evidence.  
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Figure 12. Violin plots showing the distribution of stomatal density for the major and minor allele of statistically significant SNP markers of 
interest, identified following combined bioinformatic and GWAS analysis. Stomatal density was defined as the number of stomata per mm2 of leaf 
area. Included with the plots is the P-value of the two-sample T-test comparing the distributions for alleles under each respective marker. Only 
varieties homozygous for their respective alleles were included in analysis. * = p < 0.05; ** = p < 0.01; *** p <0.001 
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3.4 Genotyping outcomes for the candidate gene encoding a 
subtilisin-like protease 
The candidate gene HORVU4Hr1G078720 was subject to further investigation following 
GWAS analysis. This was in part due to the strong association of HORVU4Hr1G078720 with 
orthologs linked to stomatal density regulation, namely AET4Gv20737200 of Arabidopsis 
thaliana, possessing detailed functional data verified at the experimental level (Appendix D, 
Figure 2). Since the statistically significant SNP isolated following GWAS analysis was 
located 63Kb upstream of the candidate gene HORVU4Hr1G078720, a gene-specific 
molecular marker was designed to enable genotyping of the study population within the 
candidate gene sequence for future genetic screening for breed improvement.  
To search for highly similar sequences which may impact the specificity of any primers 
designed, the whole gene sequence (2370bp) of HORVU4Hr1G078720 was compared to 
sequences in the ‘Barley all CDS Morex V2 2019’ and ‘Barley Pseudomolecules Morex v2.0 
2019’ databases using the IPK Barley BLAST server. Following BLAST analysis, it was found 
that the candidate gene shared significant sequence similarity (98%) with a second gene, 
HORVU4Hr1G068660, also encoding a subtilisin-like protease, located ~39.8Mb upstream of 
the candidate gene on chromosome 4. Additional genes with high sequence similarity to the 
candidate gene were also identified on all chromosomes 1 through 7 – all such genes putatively 
encoded products from the subtilase family of proteins (see Appendix E, Figure 2 for IPK 
BLAST server output showing the first 14 most similar genes). The presence of 
HORVU4Hr1G068660 complicated the process of primer design due to the high degree of 
sequence similarity with the candidate gene HORVU4Hr1G078720. In addition, both genes 
were orthologous to SDD1 in A. thaliana (Appendix E, Figure 3), hence suggesting both genes 
encode a protein product with similar functionality. 
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 Molecular marker primers were designed by KASP methodology to amplify a short 
sequence containing a specific point of SNP variation within the candidate gene 
HORVU4Hr1G078720. Upon examination of pangenome data for the candidate gene, five 
missense variants were identified that could be associated with two distinct haplotypes (see 
Appendix E, Table 1 for all SNP locations of interest and their allelic variants). The pattern of 
haplotype divergence in the pangenome was identical for all five missense variants in question. 
For example, varieties possessing the minor allele causing the amino acid change at one SNP 
position, all possessed the minor allele at the remaining four SNP positions and vice versa for 
the major allele – see Appendix E, Figure 1 for the pangenome alignment showing this pattern 
of SNP variation. In addition to the missense variants, eight additional synonymous variants 
were identified with an identical pattern of haplotype divergence to that of the missense 
variants (see Appendix E, Table 1 for SNP locations). Based on IPK BLAST server output, it 
became evident during primer design that KASP primers specific for the missense variants on 
the candidate gene HORVU4Hr1G078720, would also be specific for the suspected paralog 
HORVU4Hr1G068660. This was due to all designed primers sharing 100% (or near 100%) 
identity with both the candidate gene and its suspected paralog. As a result, primer design was 
performed for the synonymous variants. Of the synonymous variants, only one SNP, located at 
position 589954065 on chromosome 4 (based on the MorexV2 genome assembly), allowed for 
the design of unique primers specific only for the candidate gene. Primers were designed for 
genotyping with both standard PCR and KASP methodology and are shown in Table 3 below. 
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Table 3. Primers designed for a specific SNP of interest within the candidate gene 
HORVU4Hr1G078720 on chromosome 4 encoding a subtilisin-like protease. Primers were 
designed using a combination of the IPK Barley BLAST server to confirm primer specificity, 
Primer3 to assist in primer optimisation and SnapGene software for visualisation. Genome 
position of the primers is based on the position of the first base at the 5’ end of the primer 
within the MorexV2 2019 genome assembly (not including 5’ the sequence tags 
complementary to the FAM and VIC fluorescent labels, as indicated by coloured sequences). 
 
 Standard PCR was first performed using a small subset of varieties, to confirm primer 
efficacy prior to embarking on genotyping the whole study population. Amplification with the 
designed primers was successful, with ~103bp amplicons observed following agarose gel 
electrophoresis, which was the same as the expected PCR product size (Figure 13). A clear 
divergence in specificity of the designed primers for the major and minor allele was observed. 
For varieties to which amplification was successful using the forward primer specific for the 
major allele ‘C’ at position 589954065 on chromosome 4, no amplification occurred for the 
same varieties when using the primer specific for the minor allele ‘G’ and vice versa. This 
observation was indicative that the gene-specific molecular marker was suitable for subsequent 
PCR analysis using KASP and standard PCR methodologies. Despite the confirmed efficacy 
of the molecular marker primers designed, the phenotypic assignment of varieties (based on 
stomatal density) did not fully diverge with that of the major and minor alleles. Hence, both 
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high and low density varieties from the study population were homozygous for the major allele, 


















Figure 13. An agarose gel image showing the PCR product of selected barley varieties 
amplified using gene-specific molecular marker primers. Primers designed for the major allele 
C (lanes 2-9) and minor allele G (lanes 10-17) at position 589954065 of the candidate gene 
HORVU4Hr1G078720 on chromosome 4 were used for amplification. H = high density 
variety; L = low density variety. Lane 1 includes the DNA ladder which was used to confirm 
the expected product size of PCR amplicons. Amplicons smaller than 100bp (bottom bands), 
were identified as primer dimers. 
 
 
 KASP genotyping was then performed using the newly designed primers for the entire 
study population (n = 308). A fairly distinct separation of varieties based on relative VIC and 
FAM fluorescence was observed following KASP analysis. Varieties homozygous for the 
major allele C displayed high levels of FAM fluorescence with low levels of VIC fluorescence, 
whereas homozygotes for the G allele showed high VIC fluorescence and comparatively low 
FAM fluorescence (Appendix G, Figure 1). Heterozygous varieties exhibited equivalent levels 
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of FAM and VIC fluorescence, as seen in Appendix G, Figure 1. To improve the reliability of 
the KASP genotyping result, amplification by standard PCR was also performed for the study 
population (n = 308 varieties), using only the forward primer designed with specificity to the 
minor allele G. Amplicons were easily scrutinised following agarose gel electrophoresis, with 
distinct bands visible of the correct size (103bp) for varieties possessing the G allele (Appendix 
G, Figures 2, 3, 4 and 5). Genotypes were determined for each variety with the combination of 
data collected following KASP and standard PCR analysis.  
Figures 6 and 7 in Appendix G show agarose gel images displaying PCR products 
generated using both the FAM and VIC primer separately for a small sub-set of varieties (n = 
29), to which the genotype could not be confidently assigned using the combined 
KASP/standard PCR methodology. PCR using an annealing temperature of 60℃ (as used in 
all previous runs above), caused the FAM primer specific for allele C to produce bands for all 
but one sample (with bands visible in lanes 35-66). In addition, the FAM primer amplified the 
two control samples in lanes 65 and 66, which were previously confirmed to be homozygous 
for the G allele (Appendix G, Figure 6). Such non-specific amplification of control varieties 
was viewed as a possible impact to the reliability of genotypes discerned following this gel run, 
and thus a second run was performed with an increased annealing temperature of 62℃. Using 
a higher annealing temperature somewhat assisted in reducing the amplification efficiency of 
the FAM primer, however, this was at a cost to efficiency of the VIC primer which failed to 
amplify the DNA template, as shown by the absence of bands of the correct size (103bp) in 
lanes 2-32 in Appendix G, Figure 7. It was thus not possible to genotype the control samples 
with failure of the VIC primer to amplify. Due to the combined issues confronted in the final 
gel runs, 29 varieties remained that still possessed ambiguous genotype information.  
Following combined PCR analysis, a genotype was assigned to 265 varieties from the 
original study population of 308 varieties. Varieties with an undetermined genotype, in addition 
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to heterozygous varieties, were removed from the population prior to comparison of stomatal 
density distributions for the major and minor alleles. Finally, phenotype data collected for the 
five pangenome accessions covered in section 2.1 was combined with the genotype data 


























Figure 14. Violin plots comparing the distribution of stomatal density measurements collected 
for varieties homozygous for the major allele ‘C’ or minor allele ‘G’ for an SNP of interest 
within the candidate gene HORVU4Hr1G078720 encoding a subtilisin-like protease. The SNP 
of interest was located at position 589954065 on chromosome 4 (MorexV2 assembly). 
Stomatal density was quantified as the number of stomata per mm2 of leaf area. The P-value of 
the two-sample T-test comparing the stomatal density distributions for allele C and G is shown.  
 
In terms of the distribution of homozygous genotypes within the study population, 209 
varieties were homozygous for the C allele versus 61 varieties homozygous for the G allele. 
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Thus, 77.41% and 22.59% of the study population were homozygous for the C and G alleles 
respectively. This observation was relatively consistent with what was observed in pangenome 
alignment data at SNP position 589954065 on chromosome 4 (MorexV2 assembly), where 
70% of pangenome accessions possessed the major allele C versus 30% with the G allele. The 
average stomatal density for varieties homozygous for C was 51.1 stomata/mm2, and 50 
stomata/mm2 for varieties homozygous for the G allele. Hence, varieties homozygous for allele 
C exhibited a 2.15% higher stomatal density on average relative to varieties possessing the G 
allele - however, the difference was not statistically significant (P-value = 0.58) using a two-
sample T-test (Figure 14).  
Based on the genotype result. a genetic link for the SNP at position 589954065 on 
chromosome 4 within the candidate gene HORVU4Hr1G078720 could not be made in relation 
to the stomatal density variation evident in the study population (Figure 14). Despite this 
outcome, the molecular marker primers designed at SNP position 589954065 on chromosome 
4 demonstrated high efficacy (i.e., enabling successful genotyping of 86% of varieties in the 
study population). As a result, the gene-specific molecular marker remains of potential use for 
screening of varieties possessing the candidate gene copy inherited from low stomatal density 


















































Honours Thesis  Brittany Robertson 
 101 
4.1 Investigation of phenotypic observations for stomatal density 
and leaf characteristics 
4.1.1 Correlation in stomatal density measurements at different leaf 
locations is suggestive of a singular gene network modulating stomatal 
density across the leaf surface 
The results of correlation analysis assisted in determining the sampling method for the entire 
study population. If the extent of correlation was minimal across three major zones of the leaf, 
this would have suggested that alternative developmental mechanisms directed stomatal 
formation at specific locations of the barley leaf. The presence of alternative developmental 
mechanisms may indicate a possible divergence of genetic networks that have adapted to guide 
stomatal formation (thus influencing density) at specific locations of the leaf. If the existence 
of divergent gene networks was suspected, the entire study population would have been 
sampled at the three major zones of leaf location, and each location investigated independently 
for the presence of candidate genes implicated in stomatal development. As shown by Figure 
4A, B and C, the correlation between stomatal density measurements at all three combinations 
of leaf location were statistically significant (P < 0.001). In addition, relatively high levels of 
correlation were observed between stomatal density measurements, where R > 0.70 was 
reported for all possible combinations of leaf location. These results in turn suggested that the 
underlying genetic mechanisms governing stomatal development in the barley leaf were highly 
similar and thus unlikely to be location specific (Baute et al., 2015). The results of correlation 
analysis presented for this study, ultimately suggested that a singular developmental network 
governs stomatal development at different leaf locations. However, it should be noted that this 
inference remains speculative at this stage, as no further evidence of a singular gene network 
governing stomatal density at various leaf locations is yet available for cereal species. The 
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possibility of a single gene network would prove an interesting hypothesis for further 
experimental investigation. Suppose indeed alternative location-specific gene networks are 
conversely identified for stomatal formation. In that case, molecular strategies could then be 
implemented for improved efficiency for agricultural traits (e.g., drought tolerance), based on 
the selection of location-specific gene networks that allow for lower rates of stomatal formation 
(Bailey-Serres et al., 2019; Egbert & Klavins, 2012).  
 
4.1.2   Investigating the correlation observed between stomatal density and 
leaf width, but not leaf length in barley 
If stomatal density was found to covary with length and/or width measurements collected for 
the study population, this would have posed the possibility that gene networks governing leaf 
dimensions also govern stomatal density on the epidermis. Weak correlation was observed for 
stomatal density measurements relative to leaf width (R = 0.14) where the Pearson correlation 
co-efficient was statistically significant (P = 0.016), hence indicating that a relationship was 
evident between stomatal density and leaf width (Figure 4F). The correlation reported for 
stomatal density and leaf length was extremely weak (R = 0.025), and was not statistically 
significant (P = 0.66), thus the relationship was considered to be negligible (Figure 4E). The 
insignificant association observed between stomatal density and leaf length, suggested that 
genetic mechanisms distinct from those governing leaf length regulated stomatal formation 
across the epidermis. In turn, due to the statistically significant correlation observed for 
stomatal density in relation to leaf width, the genetic pathway for stomatal development was 
considered to be at least partially dependent on genetic mechanisms that determine leaf width 
accordingly.  
The observation of a partial relationship between stomatal density measurements and 
measurements concerning leaf dimensions (i.e., leaf width) was somewhat expected, 
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considering that a number of publications have reported some level of correlation to exist 
between leaf size and stomatal density (Peel et al., 2017). However, other results aligned with 
observations regarding the relationship between leaf length and stomatal density in this study, 
such as the findings of Boso et al. (2016), who reported that no relationship was observed 
between stomatal density and leaf size in V. vinifera. In addition, there also exists 
inconsistencies in the literature regarding the correlation of leaf size and stomatal density even 
when considering the same species. For instance, Sakoda et al. (2019), reported a statistically 
significant positive correlation (R = 0.27; P < 0.05) between leaf size and stomatal density in 
soybean, yet a negative correlation was contrastingly reported in soybean by Tanaka et al. 
(2010).  
The results of correlation analysis suggested that any candidate genes linked to the trait 
of stomatal density unlikely possessed additional regulatory effects on leaf length. However, it 
was possible that a sub-set of candidate genes for stomatal density may coregulate leaf width 
in barley. Therefore, due to the conflicting nature of observations concerning the correlation 
between stomatal density and leaf size (i.e., being supported by some studies but refuted by the 
results of others), conclusions remain relatively speculative in this study. As such, a separate 
set of GWAS analyses should be performed to identify candidate genes associated with the 
regulation of leaf width and length. Any statistically significant markers or associated 
candidate genes overlapping for stomatal density and leaf width and/or length, would in turn 
serve as evidence of a possible dual functionality for select genes in the stomatal network to 
additionally control leaf size attributes.  
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4.1.3 Assessing patterns of diversity for stomatal density measurements in 
the study population 
As previously mentioned, a sufficiently high level of diversity in stomatal density was observed 
for the study population, which could be considered a direct effect of substantial admixture 
revealed during population structure analysis (Figure 4D; Figure 8A). Despite the existence of 
diversity in stomatal density in the study population, the distribution of stomatal density 
measurements remained uniform and equivalent across all geographic categories, in addition 
to that of row type and growth habit, where any differences in stomatal density across any of 
the aforementioned categories were revealed as not statistically significant (Figure 6A, B and 
C). In terms of the leaf width and length measurements, a statistically significant association 
with row type was identified (Appendix B, Figure 1Aii and Bii). This suggested that six-row 
varieties possessed larger leaves on average than two-row varieties – a phenomenon that has 
consistently been reported in a number of previous studies (Thirulogachandar et al., 2017). In 
addition, the results of the one-way ANOVA showed a statistically significant difference 
between leaf length measurements by geographic origin. No statistically significant sources of 
difference in leaf length could be identified following Tukey post-hoc pairwise comparisons 
of the geographic categories (Appendix B, Figure 6A). However, it should be noted that tests 
performing multiple pairwise comparisons harbour lower statistical power, due to potential 
over correction for false positive associations, which may help explain why no statistically 
significant differences were observed between geographic pairs (Lindquist & Mejia, 2015). 
The adjusted P-value for multiple comparisons reported for leaf length for Australian versus 
North American varieties, was very close to the significance threshold (P = 0.0534), hence 
indicating the most likely geographic source of difference between leaf length measurements. 
Considering that a link for stomatal density relative to row type or growth habit had not 
yet been reported in other studies investigating cereal species, the absence of a statistically 
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significant difference was not considered a conflicting element of analysis. However, it was 
predicted that the stomatal density of barley varieties sharing similar geographic origins would 
be correlated due to observed differences in average weather patterns experienced in different 
parts of the world (Lobell et al., 2009). For example, the prevalence of low seasonal rainfall 
across Australia and Africa, has increased the need to develop cultivars with high WUE for 
enhanced survivorship, in turn suggesting that unconscious selection may have existed for 
barley lines with naturally lower than average stomatal densities (Kirono et al., 2017; Tadele, 
2018). Previous studies have documented that stomatal density variation in other plant species 
is noted to change depending on climatic fluctuations over time. For example, Hill et al. (2014) 
investigated the effect of CO2, temperature and rainfall abundance on the stomatal density of 
Dodonaea viscosa subsp. angustissima across various locales in Australia, revealing that 
geographically associated summer maximum temperature significantly impacted the stomatal 
density observed within the species. Interestingly, the same study revealed little to no 
association between stomatal density and geographically associated rainfall levels or CO2 
levels, which could suggest that locale specific differences in stomatal density may not be 
linked to water availability (Hill et al., 2014). However, considering that Hill and colleagues 
assessed stomatal variation in a native Australian species with natural drought tolerance, 
advanced adaptations to reduced water availability may have negated a need for these plants to 
alter stomatal densities in response to low rainfall in selected regions (Afzal et al., 2016).  
 Hence, due to the results of previous studies, a geographically specific difference in 
stomatal density was suspected to be present in barley varieties developed in different 
geographic regions, as a result of adaptation to locally experienced weather impacts. Therefore, 
it was unexpected that no statistically significant difference in stomatal density based on 
geographic origin was observed. Thus, the trends present within in the phenotype data collected 
for stomatal density for the study population, suggest that the trait was possibly not actively 
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selected for during the adaptation of cultivars within the breeding programmes of drought 
susceptible locales. For example, this could be evidenced by the extreme diversity observed 
for Australian varieties, ranging from 22 to 82 stomata/mm2 (Appendix B, Figure 2A). 
However, it should be noted that low stomatal densities were reported for drought tolerant 
cultivars, such as Hindmarsh (41 stomata/mm2) and Schooner (37 Stomata/mm2) shown in 
Appendix H, Table 1 – indicating perhaps some selective pressure for lower stomatal densities 
somewhat contributed to drought capabilities of some Australian varieties (Victorian 
Department of Primary Industries, 2008). Keel, a variety also noted for its drought tolerance, 
exhibited an above average stomatal density of 58 stomata/mm2 (Appendix H, Table 1). Hence 
alternative mechanisms may have contributed to drought tolerance in this variety and others 
adapted for drought tolerance which possessed moderate to high stomatal densities within the 
study population (Victorian Department of Primary Industries, 2008). An additional 
explanation for the relatively uniform distributions of stomatal density for each geographic 
category, may also be explained by differences in agricultural systems across different regions. 
For example, the Australian barley variety Roe, historically adapted for low rainfall in the south 
west of western Australia, exhibited a low average stomatal density (26 stomata/mm2). 
Conversely, Flinders, an Australian variety better suited to medium to high rainfall areas, 
exhibited a concordantly higher average stomatal density of 55 stomata/mm2.  
No significant associations were identified for the distribution of stomatal density 
measurements based on geographic origin, row type, and growth habit. In terms of row type 
and growth habit, this observed lack of association is likely a result of the genes governing 
stomatal density operating independently of those genes for row type and growth habit. For 
geographic origin, the observed absence of a significant association may be a result of a 
divergence of agricultural systems within geographic regions, likely based on factors including 
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artificial water supplementation, and selection for drought tolerant characteristics other than 
stomatal density in historically arid regions. 
 
4.2  Low stomatal density varieties offer promise for inclusion in 
future breeding programs for enhanced WUE 
Through extensive phenotyping of a large globally derived barley population, select low 
stomatal density varieties were identified for use in adaptive strategies to breed barley with 
improved WUE. As shown in Appendix H, Table 1, low stomatal density varieties (< 43 
stomata/mm2 of leaf area), were from diverse geographic origins, including the historically arid 
climates of Africa and Australia, in addition to regions with higher average rainfall (i.e., Asia 
and Europe). Low stomatal density varieties of interest were selected based on a combination 
of geographic origin, growth habit, and leaf measurement characteristics. The Australian 
varieties listed in Table 1, including TG121-1, Roe, Schooner, and Hindmarsh, were of 
particular interest for breed improvement due to a documented capacity to excel in low to 
medium rainfall regions (Australian Wheat Board, 2007; Fettell et al., 2005; Victorian 
Department of Primary Industries, 2008). Roe in particular has been specifically adapted to the 
wheatbelt region of southwestern Australia as a result of superior drought tolerance, possibly 
aided by a low stomatal density and subsequent reduction of transpirational water loss 
(Government of Western Australia, 2007). In addition, Schooner, also well-suited to low 
rainfall regions, exhibits grain size stability and is thus of interest for introduction of both low 
stomatal density characteristics and malting attributes into future breeding programs (Victorian 
Department of Primary Industries, 2008). Finally, Hindmarsh exhibits a number of superior 
traits, including multiple disease resistances (including cereal cyst nematode and powdery 
mildew), thus providing additional elements of breed improvement (Australian Wheat Board, 
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2007). A number of African varieties exhibited among the lowest stomatal densities recorded 
for the study population, including SVB21, with 21 stomata/mm2 of leaf area – the lowest 
measurement recorded in the study population (Table 1; Appendix H, Table 1). Salmas, a low 
stomatal density African variety with a facultative growth habit, also exhibited potential for 
growth in the agricultural regions of Australia (Table 1). This was due to Salmas possessing 
both drought tolerance characteristics and resistance to low seasonal temperatures, without the 
caveat of a vernalisation requirement, thus providing flexibility of sowing across a range of 
seasonal periods (Kling et al., 2004). These low stomatal density African varieties present 
promising avenues for introduction of drought tolerant genetic signatures into cultivars with 
economically desirable agronomic traits.  The European variety Cheri possessed a substantially 
low stomatal density (Table 1), likely explaining the use of this malting variety in the south of 
Europe, which exhibits low seasonal rainfall somewhat mirroring the climatic conditions of the 
south-west of Australia (Marconi et al., 2010). The low stomatal density varieties shown in 
Table 1, were additionally selected based on possessing a high leaf width (> 9 mm) and/or 
length (> 9.67cm), within the highest 25% of measurements for the study population. Hence, 
the low stomatal density varieties including HB380 (with an average flag leaf length of 
15.80cm) and Brindabella (with an average flag leaf width of 12mm), were considered 
desirable. This was as a result of the potential to enhance photosynthetic efficiency due to large 
leaf area, with the added benefit of high WUE as (a result of low stomatal density) if included 
in future breeding programs (Table 1). Larger leaves have also been shown to exhibit higher 
WUE in a number of tree species, according to a recent study (Wang et al., 2019). Hence, 
selection of varieties possessing combined low stomatal density and large leaf characteristics, 
may serve to enhance WUE in the barley species. 
 Phenotyping has revealed a diverse array of stomatal density measurements within the 
global study population, including a sub-set of low stomatal density varieties for use in genetic 
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crosses to improve WUE in future cultivars. Select low density varieties of interest, in 
particular the drought adapted Roe, Schooner, and Hindmarsh, hold potential to introduce 
drought resistant genetic signatures for low stomatal density genes into high-yielding, or 
superior malting quality varieties previously ill-adapted to water-scarce Australian conditions. 
 
4.3    Extensive admixture and phylogenetic patterns of relatedness 
may reflect historical modes of barley improvement 
Population structure analysis revealed that a substantially admixed study population was 
selected for GWAS analysis (Figure 8A). This observed admixture indicated that extensive 
genetic diversity (likely resulting from multiple gene flow events between ancestral 
subpopulations over time), may have contributed to the high level of variability and range 
observed in stomatal density measurements for the population used in this study (Figure 4D; 
Figure 5). Population structure analysis also showed limited clustering of genetic signatures 
based on geographic origin, row type, and growth habit, as indicated by the resulting PCA plots 
and phylogenetic trees (Figure 8B – G).  
Historically, studies investigating the patterns of relatedness within globally derived 
barley populations have generally revealed three sources of structure. Row type, a trait believed 
to have diversified approximately 9,000 years ago with the emergence of six-row domestic 
varieties from two-row ancestral types, is one source of population structure that is generally 
evident within genetically diverse barley collections (Hill et al., 2021; Schildbach, 1986). The 
second source of structure is the divergence of growth habit that contributed to the success of 
cultivar survivorship across a range of climatic niches, due to the distinct separation of 
flowering timelines observed across cultivars possessing spring type, winter type, or facultative 
growth attributes (Monteagudo et al., 2019). Finally, varieties sharing common geographic 
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origins have been consistently shown, at least in part, to cluster in correlation with their 
observed genetic relationships. A study by Jones et al. (2011) examined the population 
structure for a collection of barley landraces specifically adapted for agricultural use within 
Europe, revealing a strong correlation between the partitioning of subpopulations identified 
following population structure analysis and the geographical regions to which historical 
adaption of varieties had taken place. Similar patterns were observed in studies investigating 
the link between global geographic relationships and genetic associations between cultivars. In 
one such study, which included a portion of varieties utilised for GWAS investigation, 
examined the extent to which the clustering of varieties evident following combined PCA and 
phylogenetic interrogation, aligned with the distribution of varieties based on geographic origin, 
row type and growth habit (Hill et al., 2021). Hill and colleagues identified distinct partitioning 
of varieties into clusters following PCA and phylogenetic studies for genetic association using 
the same marker panel adapted for this GWAS study, consisting of 38,139 high confidence 
SNP markers prior to filtering (Hill et al., 2021).  Genetically distinct clusters revealed from 
PCA and phylogenetic analysis, were observed to correlate with variety groupings possessing 
Asian, Middle Eastern, North American and South American origins (Hill et al., 2021). 
However, Hill and colleagues reported indistinct clustering between varieties classified with 
Australian, African or European origins, which was attributed to extensive gene flow from 
African lines into Australian and European barley populations as part of the breed improvement 
strategies developed in the respective locales (Friedt et al., 2011; Hill et al., 2021). In terms of 
the combined PCA and phylogenetic outcomes for the study population used in GWAS 
analysis, the observations reported by Hill et al. (2021) helped to explain the observed 
relatedness between Australian, European and African varieties, however, did not account for 
the indistinct clustering patterns of Asian and South American varieties, in addition to the close 
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levels of relatedness between North American varieties with Australian and European 
accessions.  
The indistinct correlation between geographic classification of varieties and their 
genetic clustering patterns, indicated that the genetic associations of the varieties in this 
population were atypical. The atypical relationships observed between varieties based on 
geographic origin, were possibly due to the inclusion of a high proportion of experimental 
breeding lines in the study population. Such varieties were derived from a series of crosses of 
parental lines from varied geographic backgrounds (Singh et al., 2020). This would help 
explain the observed clustering of some geographically distinct varieties and their 
corresponding closer genetic distances, relative to some varieties sharing the same geographic 
origin within the study population (Figure 8B and E). As discussed, accessions demonstrated 
indistinct clustering based on row type and growth habit following PCA analysis (Figure 8C 
and D), with weak clustering of accessions observed from the phylogenetic relationships shown 
in Figure 8F and G. Such observations could have been a result of the comparatively small 
sample sizes for row type and growth habit. Twenty three six-row and 20 winter type varieties 
were present in the study population, versus well over 200 two-row and spring type accessions, 
hence possibly reducing the capacity to visualise distinct clusters of six-row and winter type 
accessions, in addition to facultative accessions which only constituted two varieties. A 
comparison to the phylogenetic trees produced by Hill et al. (2021) for a study population 
consisting of 632 unique barley accessions (to which there was near complete overlap with 
varieties constituting the study population), revealed a similar clustering pattern for winter type 
varieties which was made more prominent by an increased sample size of winter type 
accessions (n = 42), which may help consolidate this inference. It should also be noted that 
comparatively small sample sizes were also prevalent for certain varieties within the Asian (n 
= 8), African (n = 5) and middle eastern (n = 1) geographic categories, concordantly reducing 
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the capacity to observe distinct clustering behaviours for such accessions following combined 
PCA and phylogenetic analysis. 
 
4.4 The role of subtilase family proteins in proliferative 
development 
Subtilases comprise a large, ancient and expansive protein family of serine proteases, with 
members present across all domains of life – including archaea, eukaroyta, prokaryota and even 
non-living infectious agents i.e., viruses (Schaller et al., 2017). Plants possess the greatest 
diversity in subtilases relative to other organisms and have adapted these proteins to function 
in various biological processes including stress response and immunity (Figueiredo et al., 2014; 
Schaller et al., 2017). The most extensive functionality observed in plant subtilases is their 
mediation of growth and development, with representatives present in the numerous 
developmental pathways associated with apoptosis, embryogenesis, and epidermal cell 
distribution (Schaller et al., 2017; van der Hoorn, 2008). As part of the protease collective, 
subtilases possess an essential capacity to degrade proteins through the possession of 
proteolytic domains that participate both in protein turnover and post-translational 
modification (Schaller, 2004). When subtilases limit proteolysis to specific target sites within 
other proteins, this allows for the transformation of precursor proteins into functional 
conformations capable of activating select signalling pathways in plant development and stress 
related response (Minina et al., 2017).  
Subtilases exist in two distinct sub-groups – the S8A subfamily possesses closest 
similarity to the subtilisin protease of the bacteria Bacillus subtilis, whereas S8B subfamily 
members share the closest similarity to the kexin protease isolated from the yeast S. cerevisiae 
(Schaller et al., 2017; Seidah et al., 2013). Plants possess genes encoding only for the S8A 
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subtilisin-like serine proteases and thus a large diversification of the S8A sub-family in plants 
is observed concordantly (Tripathi & Sowdhamini, 2006). Extensive characterisation of 
subtilase proteins has been completed for the model plant Arabidopsis, providing us with 
critical functional information to assist in the characterisation of orthologous genes discovered 
in other plant species.  
A total of 56 subtilisin-like proteases have so far been identified in Arabidopsis, 
comprising subfamilies SBT1 through to SBT6 (Rautengarten et al., 2005; Schaller et al., 2017). 
The SBT6 proteases are the most genetically distant and share greater homology with 
mammalian proteases rather than to other plant subtilases (Rautengarten et al., 2005). The 
SBT1-5 proteases, however, do not exhibit any orthologs in the mammalian lineage, suggesting 
a plant-specific divergence of proteins within these sub-groups (Taylor & Qiu, 2017).  
The gene HORVU4Hr1G078720 was identified as a major candidate gene of interest 
for the control of stomatal density in barley in this study. This was due to the close proximity 
of HORVU4Hr1G078720 to the statistically significant marker L4H608611896 following 
GWAS analysis (Figure 9A; Table 2), in addition to its identification as an ortholog of the gene 
AT1G04110 in Arabidopsis (Figure 10D; Appendix D, Figure 1). As covered previously, 
AT1G04110 encodes the protein SBT1.2 (also known as SDD1) – a subtilisin-like serine 
protease that has been experimentally confirmed to regulate stomatal formation (Berger & 
Altmann, 2000). The identification of a candidate gene in barley that is orthologous to genes 
previously characterised to regulate stomatal density in distantly related model species, 
consolidates the general trend observed for the stomatal development gene network in plants – 
such that high levels of gene conservation are evident as indicated by the functional similarities 
observed in orthologous gene sequences across plant families (Chater et al., 2017). 
 As mentioned previously, the observed average stomatal density between homozygotes 
for the major and minor allele at the statistically significant marker L4H608611896 identified 
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following GWAS analysis differed by 7%. However, this difference was not identified as 
statistically significant following a two-sample T-test (Figure 12C; Appendix C, Table 2). 
Despite this observation, the marker L4H608611896 remained relevant for further 
investigation, primarily due to observed insignificance being not uncommon for basic 
statistical comparisons of allelic phenotype distributions uncovered following GWAS analysis, 
mainly as a result of the small phenotypic effects imparted by QTLs for quantitative traits 
(Buzdugan et al., 2016). In addition, the marker L4H608611896 was located outside of the 
candidate gene HORVU4Hr1G078720, hence suggesting that the association of this marker 
with stomatal density, may be due to linkage with a higher impact variant located within the 
candidate gene sequence.  
 
4.4.1   Candidate gene encoding a subtilisin-like protease may improve WUE 
through suppressing stomatal formation 
Based on combined bioinformatic and database-directed investigation, it is predicted that the 
candidate gene HORVU4Hr1G078720 identified for the regulation of stomatal density in this 
GWAS study encodes a putative SBT1.2 (also known as SDD1) protein, as a result of its high 
sequence homology to genes in other plant species encoding SDD1-like proteases (Figure 10; 
Appendix D, Figure 1). A mutation causing complete disruption in the Arabidopsis thaliana 
SDD1 gene (via the introduction of a premature stop codon) was first reported by Berger & 
Altmann (2000). Arabidopsis plants bearing the mutation exhibited four-fold increases in 
stomatal density relative to wildtype plants possessing a functional copy of the SDD1 gene, 
thus suggesting that SDD1 functions as a negative regulator of stomatal development (Berger 
& Altmann, 2000).  
In further support of predictions regarding the putative function of the protein product 
encoded by the candidate gene HORVU4Hr1G078720, a number of studies investigating 
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orthologues to the Arabidopsis SDD1 gene in other plants have yielded similar conclusions 
regarding the role of these orthologs in stomatal development. For example, a recent study 
revealed that an Arabidopsis SDD1 ortholog identified using the BLASTp algorithm in the wild 
tomato Solanum chilense (SchSDD1), caused significant reductions to stomatal density when 
overexpressed in cultivated tomato (Solanum lycopersicum) (Morales-Navarro et al., 2018). In 
addition, S. lycopersicum plants overexpressing SchSDD1 exhibited a greater capacity for 
dehydration avoidance, thus highlighting the potential of manipulating genes encoding SDD1 
like proteins to improve WUE in commercially relevant plant species (Morales-Navarro et al., 
2018). Further consolidating the functional role of the SchSDD1 ortholog identified in tomato 
was its ability to restore wild type stomatal density in Arabidopsis SDD1 knock out mutants 
(Morales-Navarro et al., 2018). Studies investigating the phenotypic effect of orthologs to the 
Arabidopsis SDD1 identified in cereals, have also presented outcomes mirroring that observed 
for investigations of SDD1 in Arabidopsis. In corn (Zea mays), an SDD1 ortholog (ZmSDD1) 
was identified with close genetic similarity to OsSDD1 in rice (Oryza sativa) – corn 
overexpressing ZmSDD1 was found to induce 30% reductions in stomatal density relative to 
wildtype plants (Liu et al., 2015). The presence of experimental evidence supporting the 
function of the ZmSDD1 gene in regulating stomatal density was considered particularly 
promising in the context of this study. This was due to the fact that ZmSDD1 was reported by 
both Liu et al. (2015) and Morales-Navarro et al. (2018) to share a close genetic relationship 
with OsSDD1, a gene in rice that was identified to be a high confidence ortholog of the barley 
candidate gene HORVU4Hr1G078720 for stomatal density in this study. Hence, the 
confirmation of the ortholog ZmSDD1 as a negative regulator of stomatal density in corn is 
suggestive that OsSDD1 in rice possesses similar functionality based on its close genetic 
relationship, and by extension, that of the candidate gene HORVU4Hr1G078720.  
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As shown by the reports of multiple studies spanning across a number of plant species 
investigating the effects of mutant SDD1 genes on stomatal phenotypes, a consensus has been 
established that SDD1 like proteins act as negative regulators of stomatal density on plant 
leaves. Despite this evidence, a clear understanding of the exact mechanism by which SDD1 
proteins influence the stomatal lineage is yet to be elucidated. Berger and colleagues concluded 
that SDD1 was involved in the regulation of entry of PDCs into the stomatal lineage, following 
the observation that 24.15% more PDCs entered the stomatal lineage in plants possessing the 
non-functional SDD1 gene versus wild type individuals (Berger & Altmann, 2000). It was 
speculated by Berger and colleagues that SDD1 acts as a processing protease, likely modifying 
a small polypeptide of currently unknown identity to enable its activation of a downstream 
signaling pathway responsible for suppressing the stomatal development signal (Berger & 
Altmann, 2000). In a later study, Berger and colleagues reported the epistatic effect of the TMM 
receptor gene on SDD1 activity, through the observation that phenotypic changes in stomatal 
density were identical for TMM gene mutants in both the wildtype SDD1 and SDD1 
overexpressed condition (von Groll et al., 2002). This result indicated that both TMM and 
SDD1 are present within the same pathway. Hence, SDD1 likely acts upstream of the TMM 
receptor due to SDD1 overexpression imposing no impact on the stomatal density phenotype 
of non-functional TMM gene mutants. As illustrated in Figure 15, based on the suggested 
processing function of the SDD1 protein, SDD1 may serve to modify an unknown polypeptide 
into an active ligand capable of targeting the TMM receptor to initiate a downstream signal 
network involved in the repression of barley stomatal development (Ingram, 2005). 
 
4.4.2  Partial redundancy of SDD1 may be present in the barley lineage  
During the bioinformatic investigation of the candidate gene HORVU4Hr1G078720, a 
suspected paralog, HORVU4Hr1G068660, was identified, and it shared 98% sequence 
Honours Thesis  Brittany Robertson 
 117 
similarity to the candidate gene sequence (Appendix E, Figure 2). The presence of paralogous 
sequence to the candidate gene HORVU4Hr1G078720 suggested that there may exist two gene 
copies encoding an SDD1 protein present in the barley genome. This notion was further 
supported by the observation that both HORVU4Hr1G078720 and its paralog were identified 
as homologous to the SDD1 gene in Arabidopsis (Appendix E, Figure 3). A small minority of 
variable SNPs were observed in the pangenome for HORVU4Hr1G078720; however, SNP 
variation was absent in the pangenome for HORVU4Hr1G068660. This observation, combined 
with the fact that the paralogous sequence shared slightly greater homology with SDD1 
encoded by Arabidopsis, suggested that little selection pressure is acting to preserve 
functionality of both gene copies, hence leading to accumulation of mutations observed across 
the pangenome for HORVU4Hr1G078720 (Tutar, 2012).  
Conversely, the presence of SNP polymorphism in HORVU4Hr1G078720 relative to 
its paralog may suggest partial redundancy of these gene sequences has developed in Hordeum 
vulgare. In our review of the genetic mechanisms underlying grass stomatal development, 
partial redundancy of the SPCH transcription factor was reported to have occurred in the grass 
lineage, leading to two copies of the SPCH transcription factor gene, to which disrupted 
function of the SPCH2 copy generates a greater observed reduction in stomatal density relative 
to SPCH1 mutant genotypes (Raissig, Abrash, Bettadapur, Vogel & Bergmann, 2016). The 
existence of partial redundancy for SDD1 may present us with the capacity to better optimise 
stomatal density regulation in the barley species. It is also possible that both gene copies in 
concert may have enabled positive adaptive changes to the barley stomatal network, as was 
suggested for the PAN1 gene duplication in the plant Nymphaea colorata (Xu et al., 2018). 
Further investigation should be carried out into of the impacts on stomatal density in barley 
following separate knock out of the candidate gene HORVU4Hr1G078720 and its paralog 
HORVU4Hr1G068660, in order to determine if partial redundancy or other adaptive effects 
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are prevalent for these two genes of interest. However, prior to such an investigation, functional 
examination of the candidate gene HORVU4Hr1G078720 identified from GWAS analysis 
should be completed to determine if indeed this suspected SDD1 gene ortholog is in fact 
associated with stomatal density regulation. 
 
4.4.3 Separate variants within the candidate gene encoding a subtilisin-like 
protease may be responsible for the stomatal density variation observed in 
the study population 
It was considered possible that any statistically significant difference in stomatal density 
revealed for a synonymous SNP variant within the candidate gene HORVU4Hr1G078720, may 
be due to linkage to neighbouring SNPs (i.e., missense variants) impacting protein function, or 
alternatively, other complex genetic mechanisms (for example, codon usage affects). As 
indicated by the allelic comparisons evident in Figure 14, the lack of statistical significance 
observed for the average stomatal densities of the major and minor alleles at the SNP of interest 
within candidate gene HORVU4Hr1G078720 was not unexpected. Considering that the SNP 
at position 589954065 on chromosome 4 was a synonymous variant (causing no amino acid 
change), the association between the variant and stomatal density was considered relatively 
unlikely. In addition, lack of association between single SNPs and partitioning of phenotypic 
measurements at alternate alleles is relatively common for large, geographically stratified 
populations, as was the case with the globally derived population used in this study (Hellwege 
et al., 2017). The findings of this study suggest that the missense variants present on candidate 
gene HORVU4Hr1G078720 that were revealed following assessment of the pangenome, may 
instead be responsible for the observed stomatal density variation present in the population. 
Alternatively, differential expression levels of HORVU4Hr1G078720 could be prevalent in the 
study population (for example, as a result of mutations present in the promoter region), and 
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henceforth could be contributing to the observed stomatal density variation – an inference that 
would ultimately require further experimental investigation (Lebel et al., 1998). 
 
4.5  Candidate genes associated with the circadian clock and 
stomatal aperture may have additional influences on stomatal 
density in barley 
Two candidate genes associated with the regulation of guard cell aperture were identified 
following GWAS analysis – HORVU7Hr1G099010 and HORVU5Hr1G000060 (Table 2). 
These genes were also associated with the circadian clock, suggesting light regulated avenues 
of stomatal development are echoed in grasses as they are observed in Arabidopsis (Qi & Torii, 
2018). 
As covered previously, a database-directed search for orthologous sequences to the 
candidate gene HORVU7Hr1G099010 using ENSEMBL revealed substantial sequence 
homology with the ZTL gene encoding a galactose oxidase/kelch repeat superfamily protein. 
ZTL in Arabidopsis belongs to the ADAGIO family of proteins, which have long been 
associated with the circadian rhythm in pathway regulation of plant development (Jarillo et al., 
2001; Más et al., 2003). A more recent study revealed the light-dependant action of ZTL on 
stomatal mechanics, such that mutant plants possessing the non-functional ZTL gene exhibited 
stomata with lower receptivity to the light-dark cycle such that stomatal pores were kept open 
for longer (Dodd et al., 2004). Currently, reports of an association between ZTL and stomatal 
density variation could not be identified in the literature. As such, further investigation is 
needed into the impacts of non-functional HORVU7Hr1G099010 on stomatal density 
phenotypes to enable us to confidently classify this candidate gene as a part of the stomatal 
development network in barley.  
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The candidate gene HORVU5Hr1G000060 identified for the statistically significant 
marker L5H000407647, encoded a protein kinase with amino acid sequence similarity to casein 
kinase 1 family proteins. In addition, the candidate gene was found to be orthologous with the 
gene AT3G13670 encoding the protein PPK1 (photoregulatory protein kinase 1), which has 
been shown to participate in light dependent signalling pathways in Arabidopsis thaliana. The 
casein kinase 1 family has been identified as integral to circadian clock associated 
developmental regulation in Arabidopsis, with evidence that these proteins exhibit the same 
functionality in genetically distant plant lineages (Uehara et al., 2019). Despite a relatively high 
level of sequence similarity (40%) to casein kinase 1 proteins, PPK proteins exhibit sequence 
divergence at both the C-terminal domain and N-terminal extension (Liu et al., 2017). PPK1 is 
a noted negative regulator of ABA signalling in Arabidopsis. Functional disruption of the 
PPK1 gene is reported to impart stomatal aperture defects as a result of failure of PPK1 to 
phosphorylate and thus destabilise key receptors PYRABACTIN RESISTANCE1 
(PYR1)/PYR1-LIKE (PYL) in the ABA signalling pathway, hence resulting in ABA 
hypersensitive phenotypes (Chen et al., 2018). ABA hypersensitivity imparted by disruption in 
the PPK1 gene, is interesting for further investigation. Defects in the ABA hormone 
biosynthesis and signalling pathways are known to increase stomatal density in model plants, 
thus indicating that increased ABA levels and enhanced ABA responses reduce stomatal 
density on the epidermis (Hsu et al., 2018). Thus, hypersensitivity to ABA may provide an 
additional avenue to reduce stomatal density for improved WUE in crop species. 
Overall, a moderate portion of the candidate genes identified for stomatal density 
following GWAS analysis were found to possess gene orthologs known to regulate stomatal 
aperture and/or participate in signalling pathways linked to the circadian clock (Table 2). In 
turn, this is suggestive that some level of functional overlap may exist for genes directing 
stomatal aperture and/or photoperiod response such that the same genes may also participate 
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in stomatal development and by extension impact stomatal density in barley. However, to 
confirm this assertion, the aforementioned candidate genes need to be investigated for their 
regulatory effects in barley, both in terms of the functions identified from their orthologs and 















Figure 15. Updated schematic of the pathway underlying stomatal development based on 
candidate genes of major investigative interest identified following GWAS analysis. The 
candidate gene HORVU4Hr1G078720 is predicted to encode an SDD1-like protein based on 
bioinformatic examination. Experimental evidence indicates that SDD1 acts as a repressor of 
stomatal development via a mechanism which is currently not well understood. Current 
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conclusions suggest that SDD1 acts as a putative processing protease, involved in the formation 
of ligands capable of interacting with TMM receptor complexes to activate the MAPK cascade 
and cause subsequent inhibition of SPCH activity. An additional candidate gene suspected to 
participate in the stomatal development pathway, HORVU5Hr1G000060, is predicted to 
encode a photo regulatory protein kinase 1 (PPK1) like protein. Current experimental evidence 
indicates that PPK1 proteins phosphorylate CRY2 following its homodimerization in the 
presence of blue light. The impact of phosphorylation may cause degradation of the CRY2 
protein via the action of E3 ubiquitin protein ligases. Conversely, phosphorylation may also 
enhance the activity of CRY2 homodimers. During photoexcitation, CRY2 homodimers 
interact with COP1/SPA complexes to inhibit the capacity of COP1 to activate the MAPK 
cascade (or alternatively, degrade ICE1 directly), thus promoting stomatal development. 
 
4.5.1 Candidate gene encoding a protein kinase may target downstream 
proteins implicated in light-directed pathways of stomatal development  
HORVU5Hr1G000060 encoding a protein kinase, was identified as a major candidate gene for 
stomatal density in the study population. This conclusion was made following an assessment 
of current experimental evidence in the model plant A. thaliana concerning targets of its 
orthologous gene product, the PPK1 protein (Appendix D, Figure 5 and 6).   PPK1 is a MUT-
9 like protein kinase and CRY-regulatory protein that targets the CRY2 photoreceptor during 
photoexcitation (Kang & Wang, 2020). In blue light, CRY2 is phosphorylated by PPK1 
following photodimerisation (or homodimerisation) of the CRY2 cryptochrome, noting that 
CRY2 activity is restricted only to its homodimerised state (Rosenfeldt et al., 2008).  This 
interaction between PPK1 and CRY2 is of particular interest primarily due to COP1 
(CONSTITUTIVE PHOTOMORPHOGENIC 1) being among the targets of homodimerized 
CRY2. COP1 is a nuclear protein known for its function in suppressing photomorphogenic 
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pathways in the absence of light (Yamamoto et al., 1998). In Arabidopsis, COP1 congregates 
with SPA (SUPPRESSOR OF PHYA) to form the COP1/SPA E3 Ubiquitin protein ligase 
complex, a key repressor of the stomatal development network. COP1/SPA is thought to act 
on YODA via a currently unknown mechanism in the MAPK signal cascade to cause 
degradation of the SPCH transcription factor and its heterodimeric partner ICE1 downstream 
(Le et al., 2014; Zhang et al., 2015; Wei et al., 2020). Alternatively, the COP1/SPA complex 
is also capable of direct degradation of ICE1 (Lee et al., 2017). In the presence of blue light, 
CRY2 thus acts antagonistically to repress the activity of the COP1/SPA complex, in turn 
promoting stomatal development (Ponnu et al., 2019).  
Based on current understanding of pathway interactions, phosphorylation by PPK1 
either initiates degradation (facilitated by polyubiquitylation via E3 ubiquitin ligases) or 
enhances the activity of CRY2 as a result of charge-induced conformational changes to protein 
structure (Liu et al., 2017). If phosphorylation improves CRY2 activity in the presence of blue 
light, CRY2 repression of COP1 may be boosted, allowing enhancement of the stomatal 
development network via reduced stimulation of the MAPK cascade (Figure 15). The present 
association made here for the candidate gene HORVU5Hr1G000060 is promising for further 
investigation into the possibility of light mediated manipulation of stomatal density in barley 
and by extension that of other closely related cereal species. Barley is known to possess one 
copy of the CRY2 gene; thus, it is likely that the candidate gene HORVU5Hr1G000060 in 
barley maintains the same functionality as PPK1 in Arabidopsis through targeting the CRY2 
receptor (Barrero et al., 2014). The discovery of a candidate gene encoding a product implied 
to potentially participate in light mediated stomatal development, somewhat echoes the 
significant interest garnered in recent years towards the investigation of light dependent gene 
networks that are grass specific (Wei et al., 2020). Improved understanding and discovery of 
such networks in grasses may assist stomatal density optimisation for agricultural improvement 
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and enhanced drought tolerance (Ranjan et al., 2014; Wei et al., 2020). Nevertheless, functional 
analysis needs to be completed in order for us to confirm the impacts of the candidate gene 
HORVU5Hr1G000060 on stomatal regulation.  
 
4.5.2 Sequencing complications for the candidate gene encoding a protein 
kinase 
As a result of the putative functions suspected of the candidate gene HORVU5Hr1G000060, 
marker-based genotyping of polymorphic regions within the study population was attempted 
for this locus. Upon examination of the barley pangenome for the gene HORVU5Hr1G000060, 
a high level of genetic variability was observed, including the presence of deleted gene regions 
within the sequence for some pangenome accessions (Appendix E, Figure 4). Due to the high 
frequency of insertions and deletions, it was determined that the design of InDel 
(Insertion/Deletion) markers would be most appropriate for genotyping of the study population, 
allowing separation of genotypes based on amplicon length polymorphisms. However, the 
design of molecular marker primers was limited as a result of difficulty in isolating 
polymorphic regions containing deletions where the flanking sequence was identical for all 
pangenome accessions. As a result, no molecular marker based genotyping markers were 
designed for HORVU5Hr1G000060 in this study.  
Further investigation of currently documented variants in  HORVU5Hr1G000060 using 
the ENSEMBL database indicated the presence of an SNP with variant ID ‘vcZ07UHC’ at 
position 395021 on chromosome 5 based on the IBSC_v2 assembly (Appendix E, figure 5). 
The variant vcZ07UHC was identified as a potential focus as a result of its relatively low SIFT 
score (0.05) hence indicating a likely influence of the variant on protein function. However, 
noting the complex variability for this gene following pangenome investigation, the efficacy 
of any designed primers to genotype large populations may be questionable. Hence, it may 
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instead be more effective to perform a complete knockout of the candidate gene 
HORVU5Hr1G000060 to observe the effects on stomatal density by comparison of wildtype 
and mutant phenotypes in future analysis. 
 
4.6 A brief investigation of candidate genes previously not 
associated with stomatal density regulation 
GWAS analysis revealed a suite of candidate genes that had not been previously reported to 
influence stomatal density variation based on orthologous gene functions. Among these was 
the candidate gene HORVU4Hr1G009520, encoding a putative tubulin alpha chain protein 
product.  Two SNPs (C4H27195982 and C4H27196001) within the HORVU4Hr1G009520 
gene region were revealed as statistically significant following GWAS (Table 2). However, 
both SNPs did not exhibit a significant difference in stomatal density following a comparison 
of allelic distributions using a two-sample T-test (P = 0.65), likely due to the average difference 
in stomatal density being very small (1.57%) for both of these markers (Appendix C, Table 2). 
As covered previously, a search for orthologous sequences to HORVU4Hr1G009520 revealed 
substantial sequence similarity (98.45% identity) to the TUBA gene in rice, encoding a tubulin 
alpha-2 chain protein involved in cytoskeletal organisation in addition to the mitotic cell cycle 
(Gaudet et al., 2011). Binding sites for the TUBA gene product in the promoter of the MUTE 
transcription factor (a master regulator of stomatal development) have been identified in A. 
thaliana (Williams, 2013). Whether the presence of binding sites indicates that TUBA genes 
act to modulate MUTE activity in barley (or, even Arabidopsis for that matter), is a notion that 
needs to be elucidated in future analysis.  
 HORVU2Hr1G102590 and HORVU6Hr1G068760 were additional candidate genes 
possessing intragenic markers identified following GWAS analysis. The average stomatal 
density of varieties possessing the alternate homozygous genotypes for alleles at the respective 
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markers for these candidate genes were however not statistically significant (P > 0.05) 
following a two-sample T-test (Appendix C, Figure 2). Regardless of this observation, both 
candidate genes were further investigated due to the reasons previously covered in 4.4 (i.e., 
concerning the capacity of basic statistical comparisons to discriminate minor genetic effects 
present in phenotype data).    
The candidate gene HORVU2Hr1G102590 was found to putatively encode the LFY 
(LEAFY) transcription factor based on the MorexV2 gene annotation. LFY is a bHTH 
transcription factor that is extensively well documented in plants, primarily directing the 
transcription of genes involved in flower development (Jin et al., 2021). The floral-inducing 
functionality of LFY is further illustrated through functional analysis reporting an inability of 
LFY knock out mutants to transition inflorescence meristems into floral meristems i.e., the 
progenitors to which a mature flower is able to develop (Parcy et al., 2002). Hence, as a result 
of trends indicated in current experimental research findings, the role of LFY in stomatal 
development remains ambiguous and speculative at this stage.  
Encoding a putative inorganic pyrophosphatase, the candidate gene 
HORVU6Hr1G068760 was found to be a high confidence ortholog of AT2G18230 in 
Arabidopsis thaliana encoding the PPA2 gene. As covered prior, PPA2 in Arabidopsis encodes 
a soluble inorganic pyrophosphatase 2. Although a direct link between PPA2 and stomatal 
formation could not be established in the current literature, the reported functions of PPA2 in 
pectin biosynthesis and cell wall thickening may provide a link to guard cell maturation 
(Segami et al., 2018). This inference is somewhat supported by a study that demonstrated the 
requirement of pectin in the formation of appropriately functioning mature guard cells in the 
water moss Funaria hygrometrica (Merced & Renzaglia, 2014). However, as with all candidate 
genes discussed here, further detailed functional analysis is required for us to confidently link 
HORVU6Hr1G068760 to pathways of stomatal development. 
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As covered previously, the gene HCT in Arabidopsis was identified as a high 
confidence ortholog of the candidate gene HORVU2Hr1G086380. HCT encodes a shikimate 
O-hydroxycinnamoyl transferase, which is involved in the synthesis of lignin, a complex 
polymer that is integral to the strengthening of cell walls in vascular plants (Kang et al., 2019). 
Studies have demonstrated that grass stomata possess a high lignin composition, suspected to 
assist cells of the stomatal complex in resisting stresses resulting from mechanical movement 
(Shtein et al., 2017).  It is possible that genes involved in the synthesis of cell wall components 
integral to the structural integrity of stomata contribute to normal stomatal development and 
thus stomatal density on the leaf surface. The statistically significant marker D2H622777996 
identified following GWAS analysis was located within the candidate gene 
HORVU2Hr1G086380 (Table 2). The observed difference in stomatal density for varieties 
possessing the different allelic variants A and G was statistically significant (P = 0.0059) 
following a two-sample T-test (Figure 12B; Appendix C, Table 2). Further investigation using 
ENSEMBL revealed that the allele variants at the marker D2H622777996 were synonymous. 
However, the marker D2H622777996 was located close to a missense variant 73bp upstream 
at position 622777923 with a SIFT score of 0.04, suggesting that the minor allele at position 
622777923 is deleterious (Appendix D, Figure 8). Hence, it is possible that the marker 
D2H622777996 could be linked with the missense variant that is predicated to cause major 
functional impacts to the candidate gene protein product. It may also be possible that the alleles 
present at marker D2H622777996 could impart an element of codon usage bias during 
translation of the candidate gene HORVU2Hr1G086380. Studies have reported that the 
monocot lineage shows preferential bias towards codons ending in C or G over codons ending 
in A or T (Clément et al., 2017). At marker D2H622777996, A or G at the third position of the 
codon encoded for alanine via the codons GCA and GCG respectively. A subsequent 
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assessment of the codon usage table in domestic barley using the Kasuza codon usage database 
(https://www.kazusa.or.jp/codon/) revealed a higher prevalence of the GCG codon, with a 
frequency per thousand of 22.5 versus 13.6 for the GCA codon (Appendix D, Figure 9). This 
suggests that allele G may be inducing a higher rate of translation efficiency for the candidate 
gene HORVU2Hr1G086380 versus allele A. In turn this could be responsible for the increased 
stomatal density observed for varieties possessing the G allele in the study population. Whether 
the candidate gene HORVU2Hr1G086380 (suspected to encode a protein product similar to 
the HCT gene), indeed impacts stomatal density in barley through disrupted cell wall formation 
is an avenue that requires further functional investigation, potentially via mutation analysis to 
assess the effect of non-functional candidate gene on barley stomatal density phenotypes.  
 
4.6.1   Statistically significant markers without a candidate gene partner may 
impart cis- or trans-regulatory effects on distant gene sequences   
There was a suite of markers revealed by GWAS analysis to which a statistically significant 
difference in average stomatal density between homozygotes for the major and minor allele at 
the marker position, was prevalent following a two-sample T-test (including the markers 
LUnH056307928, LUnH116721327, L5H169497876 and L5H169497883 shown in Figure 12). 
All such markers could not be assigned a candidate gene as a result of being located in gene 
poor regions consisting of low confidence sequence annotations. An inability to locate any 
candidate genes for the aforementioned markers, may be explained by marker association with 
a cis- or trans-regulatory element, hence modulating function of an unknown gene located 
thousands of nucleotides from the gene of interest. Increased interest has surfaced concerning 
the regulatory effects of SNPs located in non-coding regions that are strongly associated with 
a variety of traits and diseases in higher order eukaryotes (van Heyningen & Bickmore, 2013). 
In fact, a number of significant SNPs identified for various traits in recent years are located 
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within expansive gene barren regions or ‘gene deserts’. These genomic deserts are located far 
from relevant gene sequences, and have posed a particular challenge in candidate gene 
identification (Ghoussaini et al., 2008). 
 
4.7 Future breed improvement of WUE in barley by molecular 
marker-assisted selection 
The approximately normal distribution of stomatal density data observed in Figure 4D, was 
consistent with the phenotypic distribution patterns of a complex quantitative trait, to which 
observed stomatal variation was likely determined by a combination of multiple genetic 
polymorphisms and environmental effects. Following GWAS analysis, 17 QTLs were 
identified as significantly associated with stomatal density in the study population, thus 
consolidating that stomatal density in barley is in fact a polygenic trait controlled by multiple 
genetic loci (Appendix C, Table 1). These markers present a potential avenue for the 
improvement of barley WUE through molecular marker-assisted selection. Of particular 
interest was the marker LUnH056307928, which despite not being associated with a candidate 
gene, demonstrated among the greatest levels of statistical significance by a two-sample T-test 
(P = 0.00029) for average stomatal density measurements observed at the alternate alleles at 
this locus (Figure 12E; Appendix C, Table 2). Additional QTLs of interest exhibiting a 
statistically significant portioning of average stomatal density for homozygotes of the major 
and minor allele, included the markers L5H169497876 and D2H622777996, in addition to 
L5H000407647, which led to identification of the candidate gene HORVU5Hr1G000060 
suspected in light-dependent pathways of stomatal development. Figure 12 includes all QTLs 
of particular interest for future molecular marker-assisted selection, based on a combination of 
significant T-test values following comparison of stomatal density distributions at alternate 
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alleles of the marker, and predicted candidate gene functionality (in the case that a candidate 
gene could be identified for the QTL in question).  
It should be noted that of the 17 QTLs revealed by GWAS analysis, six markers 
exhibited a frequency of < 4% for homozygotes of the minor allele (Such markers are indicated 
with ‘†’ in Appendix C, Figure 2). Of these six markers, two exhibited exceptionally low P-
values (p < 0.001) following a two-sample T-test when comparing stomatal density 
distributions for alternate alleles (Appendix C, Figure 2). Despite this result, the statistical 
significance of markers possessing low homozygous genotype frequencies for the minor allele 
were considered ambiguous due to the possibility of inflated significance values caused by the 
presence of a small quantity of extreme stomatal density values. As such, it is recommended 
that this subset of six markers be utilised with caution in future breeding endeavours.  
 Overall, GWAS of a globally derived barley population led to the identification of 
significant SNP marker positions for use in future molecular improvement of barley WUE. 
Through molecular marker-assisted selection for enhanced WUE, varieties possessing the 
allele associated with reduced stomatal density at these significant marker positions, may be 
identified and retained to incorporate into successive generations for increased drought 
tolerance. 
 
4.7.1 Novel gene-specific molecular marker for the candidate gene encoding 
a subtilisin-like protease holds potential for future breeding improvement of 
WUE in barley 
Improvement of WUE is of particular importance for barley cultivars grown in Western 
Australia, where crops grown in the south-western wheatbelt region rely almost exclusively on 
seasonal rainfall (Watson et al., 2017). Bringing further urgency to the need to improve WUE 
for barley grown in the wheatbelt, is that observed winter rainfall across much of southern 
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Australia in the past 20 years is the lowest on record (Commonwealth Scientific and Industrial 
Research Organisation, 2018). In this study, a high efficacy gene-specific molecular marker 
was successfully designed for the candidate gene HORVU4Hr1G078720 encoding a subtilisin- 
like protease and putative negative regulator of stomatal density. This molecular marker has 
the potential to allow screening of offspring resulting from biparental crosses in breeding 
programs intended to produce low stomatal density cultivars. Genetic recombination is a 
common feature of crop breeding (Holland, 2004). If left unchecked, recombination may occur 
within gene regions where retention of a specific parental genotype is paramount for inclusion 
of the adaptive trait (in this case low stomatal density) into the breeding population. The gene-
specific molecular marker for the candidate gene HORVU4Hr1G078720 may assist in 
screening offspring resulting from biparental crosses involving a low density barley line. For 
instance, in a hypothetical cross the drought tolerant variety Roe may be selected for inclusion 
of genetic signatures of low stomatal density into the high malting variety CDC Meredith, 
which possesses naturally high stomatal density and is thus not well adapted to Western 
Australian conditions (Commonwealth Scientific and Industrial Research Organisation, 2018; 
Rossnagel et al., 2011). Since Roe and CDC Meredith are homozygous for the alleles G and C 
respectively for this gene-specific molecular marker, offspring possessing the G allele 
(inherited from the low density Roe) would be selected, due to increased confidence that 
offspring homozygous for the G allele have retained the low-density genetic signature of the 
parental Roe variety. 
 
5   Conclusion  
Combined investigation of phenotype and genotype data collected for a globally derived study 
population, have allowed for characterisation of the genetic mechanisms underlying stomatal 
density in barley. By means of correlation analysis, stomatal density measurements were found 
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to covary at three major locations of the leaf, suggesting that genetic networks controlling 
stomatal density on the leaf surface are not location-specific. It was also revealed that stomatal 
density exhibits no correlation with leaf length, and weak correlation with leaf width. This 
indicated that the genetic mechanisms governing stomatal density in barley are independent of 
genes regulating leaf length, and that the stomatal density gene network may impart some 
coregulatory effects on leaf width.  
It was revealed that sufficient variability in stomatal density measurements was present 
in the study population, allowing for identification of low stomatal density barley varieties for 
inclusion in future breeding programs for improved WUE.  
Informed comparisons of phenotype data revealed no statistically significant 
differences between stomatal density measurements based on geographic origin, row type, or 
growth habit. In turn, this suggested that divergence in barley stomatal density over time was 
not markedly influenced by geographic separation (likely due to stomatal density not being 
actively selected in past breeding programs), and that the genes controlling row type and 
growth habit are likely independent of the genes regulating stomatal density in barley.  
The study population was found to be substantially admixed and genetic substructures 
did not clearly segregate based on geographic origin, row type, nor growth habit. The limited 
clustering of genetic signatures, combined with relatively high degrees of admixture, was 
suggestive that the study population experienced extensive gene flow, likely attributed to the 
incorporation of experimental lines with diverse genetic signatures from global breeding 
programs.  
A suite of 17 QTLs were unveiled to be associated with stomatal density, which served 
as evidence for polygenic control of the stomatal density trait in barley. QTLs identified may 
assist in the improvement of barley WUE by molecular marker-assisted selection (MAS) of 
lines possessing alleles associated with low stomatal density phenotypes. To complement this 
Honours Thesis  Brittany Robertson 
 133 
suite of significant QTLs, a gene-specific molecular marker was successfully designed for the 
candidate gene HORVU4Hr1G078720 encoding a subtilisin-like protease. The gene-specific 
molecular marker demonstrated high genotyping efficacy (enabling genotyping of over 85% 
of the study population) and would thus prove useful in future breeding programs involving a 
biparental cross in order to screen offspring possessing the candidate gene copy inherited from 
the low stomatal density parent line.  The gene-specific marker will enhance selection 
efficiency and accuracy by MAS. 
By GWAS analysis, a diverse assemblage of candidate genes were identified for 
stomatal density. The candidate genes HORVU4Hr1G078720 and HORVU5Hr1G000060 are 
of particular interest for further experimental investigation, due to the implied role of gene 
products in the stomatal development network. Αs previously stated, there exists substantial 
documentation regarding HORVU4Hr1G078720 orthologs (SDD1-like proteins) acting in the 
stomatal development network of other species, including the model plant Arabidopsis 
thaliana, in addition to Oryza sativa, a grass crop closely related to barley (Kellogg, 1998). 
Thus, the identification of HORVU4Hr1G078720 indicates that SDD1 gene function in the 
stomatal development network extends into that of the barley species. This finding would be 
consistent with the general trend observed for the stomatal development pathway, which 
exhibits extensive conservation throughout the plant lineage (Chater et al., 2017; Xu et al., 
2018).  
 
5.1 Future directions 
 
The identification of multiple QTLs and candidate genes for stomatal density provide avenues 
for adaptation of low stomatal density barley varieties to arid environments. Genomic 
modelling, hereby identifying gene combinations producing optimum stomatal density 
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phenotypes based on the QTLs identified in this study, would be beneficial for future breeding 
strategies to enhance WUE.  
Advances in CRISPR/Cas9 genome editing technology have allowed the development 
of rapid mutation induction systems in recent years, enabling for straightforward assessments 
of the phenotypic impacts generated by gene disruption (Campenhout et al., 2019). Reflecting 
the power of CRISPR/Cas9 technology in candidate gene validation, a recent study confirmed 
the suspected role of a CPR5 gene ortholog in soybean directing trichome development through 
the CRISPR/Cas9-directed formation of CPR5 mutants (Campbell et al., 2019).  In a similar 
manner, CRISPR/Cas9 can be used to generate in-frame mutations (impacting function of the 
protein product) or knock-out mutations (resulting in non-functional protein products or the 
complete absence of product) for the candidate gene HORVU4Hr1G078720 to assess the 
impact that mutations may have on stomatal development. Due to the existence of a paralog to 
HORVU4Hr1G078720, targeted disruption of both gene sequences is likely required to 
determine whether an association exists regarding stomatal density regulation. In addition, 
CRISPR/Cas9-directed mutation analysis may be performed for the candidate gene 
HORVU5Hr1G000060 encoding a protein kinase to establish whether a light responsive gene 
network is present in barley that contributes to the stomatal formation on the epidermis.  
Mutant phenotypes developed using CRISPR/Cas9 genome editing may be adapted as 
novel drought tolerant cultivars (Li et al., 2020). For example, provided that the candidate gene 
HORVU4Hr1G078720 possesses a similar function to its orthologs as a negative regulator of 
stomatal density, overexpression mutant lines for the candidate gene could be created with low 
stomatal density for use in agricultural regions with low rainfall.   
Through a combined implementation of approaches, substantial insight has been gained  
into the molecular basis for stomatal density regulation in barley. Low density barley varieties 
identified by phenotyping, in addition to significantly associated QTLs and candidate genes 
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revealed by GWAS analysis, provide multiple avenues for future breed improvement and 



































































Figure 1. Cullen and Frey graph (A) comparing the distribution shape of stomatal density measurements collected for the study population (n = 
308), relative to three theoretical distributions as indicated by the legend (normal, negative binomial, and Poisson). The blue spot labelled 
‘observation’ represents the stomatal density distribution from this study. QQ plot (B) comparing the distribution of theoretical quantiles on the Y- 
axis (observations from the study population for stomatal density) to the values of a theoretical normal distribution on the X-axis
(A) (B) 









Figure 2. RStudio output showing summary statistics for stomatal density (A), leaf width (B), 
and leaf length (C) measurements collected for the whole study population (n = 308 varieties). 
Stomatal density was defined as the number of stomata observed per mm2 of leaf area. Leaf 
length was defined as the length (in cm) measured from the base to the tip of the flag leaf. Leaf 
width was defined as the width (in mm) of the widest point of the flag leaf. SDensity = stomatal 
density; n = number of samples; min = minimum measurement; max = maximum 
measurement; median = median measurement; q1 = quartile 1 value; q3 = quartile 3 value; iqr 
= interquartile range; mad = mean absolute deviation; mean = average measurement; sd = 
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Figure 1. Violin plots showing the distribution and frequency of leaf width (A) and leaf length (B) measurements categorized by geographic origin 
(i), row type (ii), and growth habit (iii) in the study population. Violin plots are overlayed onto boxplots for each grouping. Statistically significant 
differences, denoted by asterisks (*) were reported in width and length based on row type (* = P < 0.05; ** = P < 0.01). No statistically significant 
difference was evident for length and width based on growth habit and geographic origin. Leaf length was defined as the length (in cm) measured 
from the base to the tip of the flag leaf. Leaf width was defined as the width (in mm) of the widest point of the flag leaf. n = 303 varieties for 






















Figure 2. RStudio output showing summary statistics for stomatal density based on categorization of 
measurements by geographic origin (A), row type (B), growth habit (C). Stomatal density was defined 
as the number of stomata observed per mm
2
 of leaf area. Region = geographic origin; Row = row type; 
Habit = growth habit; SDensity = stomatal density; n = number of samples; min = minimum 
measurement; max = maximum measurement; median = median measurement; q1 = quartile 1 value; 
q3 = quartile 3 value; iqr = interquartile range; mad = mean absolute deviation; mean = average 




















Figure 3. RStudio output showing summary statistics for leaf length based on categorization of 
measurements by geographic origin (A), row type (B), growth habit (C). Leaf length was defined as 
the length (in cm) measured from the base to the tip of the flag leaf. Region = geographic origin; Row 
= row type; Habit = growth habit; Length = leaf length; n = number of samples; min = minimum 
measurement; max = maximum measurement; median = median measurement; q1 = quartile 1 value; 
q3 = quartile 3 value; iqr = interquartile range; mad = mean absolute deviation; mean = average 






















Figure 4. RStudio output showing summary statistics for leaf width based on categorization of 
measurements by geographic origin (A), row type (B), growth habit (C). Leaf width was defined as the 
width (in mm) of the widest point of the flag leaf. Region = geographic origin; Row = row type; Habit = 
growth habit; Width = width; n = number of samples; min = minimum measurement; max = maximum 
measurement; median = median measurement; q1 = quartile 1 value; q3 = quartile 3 value; iqr = 
interquartile range; mad = mean absolute deviation; mean = average measurement; sd = standard deviation; 











































Figure 5. T-test, ANOVA and Tukey post hoc test output used to determine whether a statistically significant 
difference for stomatal density was evident based on categorization of measurements by geographic origin 
(A), row type (B) or growth habit (C). Stomatal density was defined as the number of stomata observed per 
mm2 of leaf area. The P-value for the T-test and ANOVA output is highlighted in blue for A, B and C. P-
values for Tukey post hoc test output (which tested for a significant difference between all possible 












































Figure 6. T-test, ANOVA and Tukey post hoc test output used to determine whether a statistically significant 
difference for stomatal density was evident based on categorization of measurements by geographic origin 
(A), row type (B) or growth habit (C). Leaf length was defined as the length (in cm) measured from the base 
to the tip of the flag leaf. The P-value for the T-test and ANOVA output is highlighted in blue for A, B and C. 
P-values for Tukey post hoc test output (which tested for a significant difference between all possible 












































Figure 7. T-test, ANOVA and Tukey post hoc test output used to determine whether a statistically significant 
difference for leaf width was evident based on categorization of measurements by geographic origin (A), 
row type (B) or growth habit (C). Leaf width was defined as the width (in mm) of the widest point of the 
flag leaf. The P-value for the T-test and ANOVA output is highlighted in blue for A, B and C. P-values for 
Tukey post hoc test output (which tested for a significant difference between all possible combinations of 











































Figure 8. QQ plots generated in RStudio, showing the distribution of stomatal density measurements 
categorized by geographic origin (A), row type (B) and growth habit (C). Stomatal density was defined as 
the number of stomata observed per mm2 of leaf area. Each plot compares the sample distribution of 
measurements for stomatal density (on the Y-axis) to the values of a theoretical normal distribution (on the 











































Figure 9. QQ plots generated in RStudio, showing the distribution of leaf length measurements categorized 
by geographic origin (A), row type (B) and growth habit (C). Leaf length was defined as the length (in cm) 
measured from the base to the tip of the flag leaf.  Each plot compares the sample distribution of 
measurements for leaf length (on the Y-axis) to the values of a theoretical normal distribution (on the X-axis) 










































Figure 10. QQ plots generated in RStudio, showing the distribution of leaf width measurements categorized 
by geographic origin (A), row type (B) and growth habit (C). Leaf width was defined as the width (in mm) 
of the widest point of the flag leaf. Each plot compares the sample distribution of measurements for leaf 
width (on the Y-axis) to the values of a theoretical normal distribution (on the X-axis) to check normality of 










Figure 11. Levene test output generated in RStudio to determine homogeneity of variance between groups of stomatal density, leaf length and leaf width 
measurements classified by geographic origin, row type and growth habit. A non-significant P-value (P > 0.05) indicates homogeneity of variance is fulfilled 
between groups under the defined measurement. Stomatal density was defined as the number of stomata observed per mm2 of leaf area. Leaf length was 
defined as the length (in cm) measured from the base to the tip of the flag leaf. Leaf width was defined as the width (in mm) of the widest point of the flag 
leaf. Levene test P-values are highlighted in yellow. 


















Figure 1. Screenshot of distance matrix output showing the relative genetic distances for given 
pairs of varieties in the study population. Lower values indicate a higher portion of shared 
markers between a given pair. The distance matrix was generated using the identity by state 
(IBS) method in TASSEL. 




Figure 2. Manhattan plot (A) illustrating the statistically significant markers for the trait of stomatal density. Plots A and B were generated using a 
mixed linear model (MLM). The confidence threshold for statistical significance (indicated by the red horizontal line) was defined as a -Log10(P-value) 
of 3. -Log10(P-value)s for the markers are located on the Y-axis, with marker position on the X-axis. Note: ‘Un’ refers to genomic regions not yet mapped 
to a chromosome position  QQ plots (comparing the observed quantile distribution of -Log10(P-value)s on the Y-axis versus the expected distribution of 
-Log10(P-value)s on the X-axis) are included on the right for the manhattan plot generated using the MLM (B). Observed deflation in the QQ plot was 
attributed to correction of population structure.  
(B) 
(A) 




Table 1. Statistically significant markers revealed following GWAS analysis using a mixed linear 
model (MLM) and general linear model (GLM). Included in the table is the chromosome to which 
the marker is located (Un = chromosome position unknown), in addition to marker position on 
said chromosome, GWAS P-values reported for each respective marker (significance threshold = 
P < 0.001), and the R
2
 value of the marker (given as a percentage value).  
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     Average stomatal density   
Marker Major Allele Minor allele MAF R2 (%)§ Major allele Minor allele p-value Significance 
C2H697168336 C T 0.07 4.71 50.1 54.5 0.19  
C4H27195982 T C 0.11 4.80 50.2 51 0.65  
C4H27196001 A G 0.11 4.80 50.2 51 0.65  
C7H599452115 T C 0.38 4.70 51 48.1 0.04 * 
D1H004236033† C G 0.10 4.94 51.9 35.5 2.3E-09 *** 
D2H622777996 A G 0.43 4.63 49.2 53.2 0.0059 ** 
D6H477083048 G A 0.33 4.46 51.2 52.6 0.39  
L1H017313985† T C 0.068 7.48 50 88 0.00000374 *** 
L2H748058032† G A 0.17 4.90 50.3 44.8 0.021 * 
L4H608611896 A G 0.06 7.00 49.9 53.6 0.18  
L5H000407647 T C 0.29 4.67 51.8 47.3 0.0011 ** 
L5H169497876 C T 0.29 4.65 51.3 47 0.003 ** 
L5H169497883 C T 0.29 4.89 51.3 46.9 0.0027 ** 
L7H640050109† C G 0.07 5.37 49.8 55.3 0.23  
L7H652583028† G A 0.14 4.57 51 64.5 0.072  
LUnH056307928 C T 0.07 4.52 51.4 40.7 0.00029 *** 
LUnH116721327 G C 0.08 4.52 50.1 59.9 0.011 * 
LUnH142379404† C T 0.07 5.44 49.1 38 0.31  
Table 2. Average stomatal density for varieties possessing the major (most common) allele, and minor (less common) allele in the study 
population, for statistically significant markers identified following GWAS analysis. Included are the P-values for two-sample T-tests 
comparing the distributions of stomatal density of the major and minor allele of each marker. MAF and R2 values are also included for each 
marker. MAF = minor allele frequency of the marker.  
†marker possessed a homozygous genotype frequency <0.04 for the minor allele and was thus treated as ambiguous despite marker significance. 
*markers demonstrating a statistically significant difference in stomatal density for the major versus the minor allele. * = p < 0.05; ** = p < 0.01; *** p <0.001 
§  percentage of phenotypic variation explained by the marker 












Figure 1. ENSEMBL screenshot showing orthologous gene sequences to the candidate gene HORVU4Hr1G078720 revealed following GWAS analysis. 
Orthologs that were further investigated to assist in the prediction of candidate gene function are highlighted in pink. Target %id: percentage of sequence 
from the ortholog matching HORVU4Hr1G078720; Query %id = percentage of sequence from HORVU4Hr1G078720 matching the ortholog sequence; 
GOC score = gene order conservation score; WGA coverage = whole genome alignment coverage. Orthologs are determined high confidence based on 
combined high percentage identity, GOC and WGA scores where available.  
 







Figure 2. UniProt screenshot showing a summary of the SBT1.2 gene (also known as SDD1) in Arabidopsis and its various functions, including 
the regulation of stomatal complex formation. 
 







Figure 3. UniProt screenshot showing a summary of the SBT1.2 gene (also known as SDD1) in Arabidopsis, including subcellular associations of 
the SBT1.2 protein and phenotypes resulting from gene disruption 


























Figure 4. Rice annotation project screenshot showing gene description for the rice ortholog Os03g0143100 identified for the candidate 
gene HORVU4Hr1G078720. 
 














Figure 5. ENSEMBL screenshot showing orthologous gene sequences to the candidate gene HORVU5Hr1G000060 revealed following GWAS analysis. 
Orthologs that were further investigated to assist in the prediction of candidate gene function are highlighted in pink. Target %id: percentage of sequence 
from the ortholog matching HORVU5Hr1G000060; Query %id = percentage of sequence from HORVU5Hr1G000060 matching the ortholog sequence; 
GOC score = gene order conservation score; WGA coverage = whole genome alignment coverage. Orthologs are determined high confidence based on 
combined high percentage identity, GOC and WGA scores where available.  







Figure 6. Screenshot retrieved from the TAIR database, showcasing a series of functional annotations for the gene AT3G13670 in 
Arabidopsis, an ortholog of the candidate gene HORVU5Hr1G000060.  








Figure 7. UniProt screenshot showing a summary of the CRY2 gene (encoding the cryptochrome-2 protein) in Arabidopsis and its various functions, 
including the light-directed regulation of stomatal aperture and guard cell formation (underlined in red). The Cryptochrome-2 protein is a known target 
of the PPK1 protein encoded by the gene AT3G13670 in Arabidopsis. AT3G13670 is a high confidence ortholog of the candidate gene 
HORVU5Hr1G000060 in barley.  
 





Figure 8. Screenshot from the ENSEMBL database showing a portion of the categorized gene variants for the candidate gene 
HORVU2Hr1G086380 encoding a hydroxycinnamoyl-CoA shikimate/quinate hydroxycinnamoyl transferase. The statistically significant marker 
at position 622777996 on chromosome 2 that was identified following GWAS analysis is highlighted in yellow. SIFT scores are provided for 
























Figure 9. Codon usage table generated for domestic barley using the Kazusa codon usage database (https://www.kazusa.or.jp/codon/). Numbers 
beside the codons represent the codon frequency per thousand, whereas the numbers in brackets represent the total number of codons recorded 
with the specific triplet sequence. Highlighted in yellow and green are the alanine codons resulting from major and minor alleles respectively at 
marker D2H622777996 on chromosome 2.  






Table 1. Variants of the candidate gene HORVU4Hr1G078720, that were selected for design 
of molecular marker primers to assist in KASP and standard PCR-based genotyping of the 
study population. Variant position refers to the physical position within the candidate gene 
based on the sequence retrieved from the MorexV2 genome assembly (i.e., 499 = nucleotide 
located at position 499 out of the 2370bp of the gene sequence). For missense variants, the 
amino acid resulting from allele 1 and allele 2 at the variant position are listed respectively. 



































Figure 1. Pangenome alignment for the candidate gene HORVU4Hr1G078720 encoding a 
subtilisin-like protease. (A) shows the SNP to which KASP primers were designed at position 
2040 of the candidate gene sequence (the major allele ‘C’ at this SNP position is highlighted in 
blue above). (B) shows an upstream sequence region comprising additional SNPs evident in 
the candidate gene sequence, whereas (C) shows regions in HORVU4Hr1G078720 where 
SNPs have caused an amino acid change. Note that the images above do not include the total 









Figure 2. IPK Barley BLAST server results showing the 14 most similar gene sequences following comparison to the query sequence of candidate 
gene HORVU4Hr1G078720 (known as HORVU.MOREX.r2.4HG0338860 in the Morex V2 genome assembly). The candidate gene (showing 100% 
identity and full query coverage of 2370/2370 nucleotides) is highlighted in yellow. A predicted paralog of the candidate gene, HORVU4Hr1G068660 
(HORVU.morex.r2.4HG0330490) is highlighted in green, showing 98% identity with the candidate gene.  





Figure 3. Screenshot from ENSEMBL showing orthologs identified for the gene SBT1.2 (also known as SDD1)  in Arabidopsis thaliana. Both 
orthologs in Hordeum vulgare (HORVU4Hr1G078720 and HORVU4Hr1G068660) are circled in red. 


























Figure 4. Screenshot showing a portion of the pangenome alignment for the candidate gene HORVU5Hr1G000060 produced using ClustalOmega. 
A high level of genetic variation was observed in the pangenome at this locus, as seen above.  
















Figure 5. Screenshot taken from the ENSEMBL database showing the variant of interest vcZ07UHC (highlighted in yellow) that was identified for the candidate gene 
HORVU5Hr1G000060 that could be investigated in future genotype analysis. SIFT scores are provided for missense variants and predict the impact of the alternative amino acid 
on protein function (SIFT scores < 0.05 are generally considered deleterious). 






Table 1. General PCR master mix protocol used for genotyping. Genotyping was performed using KASP primers designed to specifically amplify 
sequence containing an SNP of interest located at position 589954065 of the candidate gene HORVU4Hr1G078720 on chromosome 4. The 
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Table 2. KASP protocol for genotyping of the study population for an SNP of interest located at position 589954065 of the candidate gene 
HORVU4Hr1G078720 on chromosome 4. Protocol for both the KASP reaction mix and KASP assay mix are given below. Note that the reagent 
volumes provided are for a single reaction. To assess the genotypes of the whole study population, the reagents below were multiplied by the 








































Figure 1. Allelic discrimination plot showing relative fluorescence of DNA samples for the FAM primer fluorescent label (Y-axis, labelled for the C allele) and VIC primer 
fluorescent label (X-axis, labelled for the G allele). DNA samples homozygous for the major allele ‘C’ at position 589954065 of candidate gene HORVU4Hr1G078720, 
have high levels of amplification with the FAM labelled primer and thus show high levels of FAM fluorescence, accompanied by relatively low levels of VIC fluorescence. 
In turn, DNA samples homozygous for the minor allele ‘G’ show high VIC fluorescence due to amplification with the VIC labelled primer, and relatively low levels of 
FAM fluorescence. Homozygous DNA samples demonstrated roughly equivalent fluorescence for FAM and VIC fluorescent labels. Non-template control samples (NTC) 
are circled above. 






Figure 2. Agarose gel image showing PCR products for samples 1-96 in the study population. DNA was amplified using the forward primer 
specific for the minor allele ‘G’ at position 589954065 of the candidate gene HORVU4Hr1G078720 on chromosome 4. A DNA ladder was Included 

































Figure 3. Agarose gel image showing PCR products for samples 97-192 in the study population. DNA was amplified using the forward primer specific 
for the minor allele ‘G’ at position 589954065 of the candidate gene HORVU4Hr1G078720 on chromosome 4. A DNA ladder was Included in lanes 1 and 












Figure 4. Agarose gel image showing PCR products for samples 193-288 in the study population. DNA was amplified using the forward primer specific 
for the minor allele ‘G’ at position 589954065 of the candidate gene HORVU4Hr1G078720 on chromosome 4. A DNA ladder was Included in lanes 1 
































Figure 5. Agarose gel image showing PCR products for samples 289-310 in the study population. DNA was amplified using the forward primer 
specific for the minor allele ‘G’ at position 589954065 of the candidate gene HORVU4Hr1G078720 on chromosome 4. A DNA ladder was Included 




























Figure 6. Agarose gel image showing PCR products for select varieties to which genotype data was ambiguous following both KASP and agarose gel analysis. 
Lanes 2-32 include PCR products using the forward designed with specificity for the minor allele ‘G’ at SNP position 589954065 of chromosome 4, located 
within the candidate gene HORVU4Hr1G078720, whereas lanes 34-66 comprise PCR products following amplification with the forward primer specific for 
100bp 
100bp 
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the major allele ‘C’ at the same position on chromosome 4. Note that the variety DNA and loading order was identical for the row of samples amplified with 
the VIC primer above versus the FAM primer below. Amplicons smaller than 100bp (bottom bands), were identified as primer dimers. Lanes 64-66 included 



























Figure 7. Agarose gel image showing PCR products for select varieties to which genotype data was ambiguous following both KASP and agarose gel analysis. 
Lanes 2-33 include PCR products for the forward primer designed with specificity for the minor allele ‘G’ at SNP position 589954065 of chromosome 4, located 
within the candidate gene HORVU4Hr1G078720, whereas lanes 34-66 comprise PCR products following amplification with the forward primer specific for 
100bp 
100bp 
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the major allele ‘C’ at the same position on chromosome 4. Note that the variety DNA and loading order was identical for the row of samples amplified with 
the VIC primer above versus the FAM primer below. Amplicons smaller than 100bp (bottom bands), were identified as primer dimers. Lanes 64-66 included 
control varieties to which genotype was previously confirmed. An annealing temperature of 62℃ was used for standard PCR of the above DNA samples. 
 
 




Table 1. List of barley varieties used in this study (n = 313). Included with each variety are the values for stomatal density, leaf width and length 
measurements, in addition to data for geographic origin, row type, and growth habit. Note that some varieties were excluded from particular sets 
of analysis, as a result of absent data for attributes such as row type or growth habit, or absent genotype data.  N/A: data not available. 
 









02S169-51-45 60 7 9.60 Australia Two Spring 
04053-034 58 6 7.60 Australia Two Spring 
04055-119§ 75 11 8.93 Australia Two Spring 
04056-088 48 5 6.43 Australia Two Spring 
04S213D-B-57 51 9 13.10 Australia Two Spring 
05067-062 50 5 5.27 Australia Two Spring 
05067-128 33 7 7.20 Australia Two Spring 
05067-238 67 8 8.77 Australia Two Spring 
05072-022 48 6 6.40 Australia Two Spring 
07T738 53 7 6.57 Australia Two Spring 
07T741 61 7 6.43 Australia Two Spring 
83SL:517 45 7 8.40 Australia Two N/A 
83SM:522 76 4 4.40 Australia Two N/A 
84SH:540 49 8 10.57 Australia Two Spring 
86S642-27-40 38 5 6.70 Australia Two Spring 
90S205-45-46 44 5 6.07 Australia Two Spring 
90S330-48-31§ 51 12 10.70 Australia Two Spring 
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90S330-48-33 51 10 9.83 Australia Two Spring 
90SM193-34-32 36 4 6.27 Australia Two Spring 
91IBON45 68 10 8.13 North America Six Spring 
91IBON99 63 9 7.40 North America Two Spring 
94S909G-12-7 32 8 9.13 Australia Two Spring 
95S005-29-20 45 5 5.30 Australia Two Spring 
95S005-95-19 43 6 7.13 Australia Two Spring 
95S009-81-33 39 4 4.73 Australia Two Spring 
95S984-80-28 61 8 11.27 Australia Two Spring 
96B543§ 39 5 6.07 North America Two Spring 
96S080-20-32 46 6 7.20 Australia Two Spring 
AB 14-1 49 7 7.70 Australia Two Spring 
AB 47-5 55 7 4.23 Australia Two Spring 
AC Lacombe (BT634) 58 12 8.90 North America Six Spring 
ADAGIO§ 70 7 6.80 Europe Two Spring 
Andre§ 42 7 7.60 North America Two Spring 
ARUPO'S'*2/3/PI2325/MAF102..COSSACK/4/V 49 6 7.80 North America Two Spring 
ARUPOBC1 65 9 10.47 Africa Six Spring 
B531 44 7 9.07 Asia Two N/A 
B559 51 6 7.80 Asia Two N/A 
B87/14-18 45 8 6.67 Australia Two Spring 
Barke 59 N/A N/A N/A N/A N/A 
BEARPAW 42 5 6.00 North America Two Spring 
Beatrice 61 9 12.43 Europe Two Spring 
BEKA§ 47 7 8.77 Europe Two Spring 
Bellini 54 7 8.13 Europe Two Spring 
BM9204-17 49 7 11.83 North America Two Spring 
BM9311-35 58 7 7.80 North America Two Spring 
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BM9607-34 52 6 7.63 North America Two Spring 
BM9645-96 42 7 7.63 North America Two Spring 
BM9647D-43§ 41 6 12.07 North America Two Spring 
BM9752D-125 65 12 14.57 North America Two Spring 
BM9857-263-1 44 6 8.80 North America Two Spring 
BM9904DT-17-8 49 5 7.93 North America Two Spring 
BM9929-88 49 7 8.90 North America Two Spring 
BOLRON 63 8 10.07 North America Six Facultative 
BowmanRph15cross 47 7 8.10 North America Two Spring 
BR1 64 9 7.70 South America Two Spring 
Brindabella 36 12 12.23 Australia Two Spring 
BT558 49 8 10.80 North America Six Winter 
Buloke§ 51 5 6.57 Australia Two Spring 
BVDV-019 78 7 7.23 North America Two N/A 
C01P-32 64 8 11.27 South America Two N/A 
C01P-66 80 5 6.57 South America Two N/A 
C04A-34 50 7 9.67 South America Two N/A 
C2-05-10/263 33 9 8.87 South America Two N/A 
C2-05-10/437 40 9 9.90 South America Two N/A 
C2-05-301-10 49 7 8.83 Australia Two Spring 
C2-05-337-2 59 9 8.73 Australia Two Spring 
C2-05-63/710 25 9 12.97 South America Two N/A 
C2-05-64/754 41 10 10.90 South America Two N/A 
C2-05-89/827 44 11 11.20 South America Two N/A 
C2-05-89/878 35 6 7.73 South America Two N/A 
C2-05-89/893 51 6 7.63 South America Two N/A 
C2-05-89/953 66 7 7.20 South America Two N/A 
C98A-61§ 41 7 11.67 South America Two N/A 
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C98Prel-29 34 5 6.43 South America Two N/A 
C98Prel-60 47 10 8.00 South America Two N/A 
Caminant 56 7 6.97 Europe Two Spring 
CBSS95M00084S-9M-2Y-3M-0Y 53 7 10.93 North America Two N/A 
CBSS98M0022T-0TOPY-OM-1Y-2M-0Y 52 9 10.10 North America Six Spring 
CDC Dolly 62 6 5.03 North America Two Spring 
CDC Guardian 66 11 10.87 North America Two Spring 
CDC Meredith 99 7 8.20 North America Two Spring 
CDC Reserve 54 7 7.20 North America Two Spring 
CDC Sisler 45 9 9.63 North America Six Spring 
CDC Speedy§ 40 6 5.93 North America Two Spring 
CDC Thompson 49 11 12.80 North America Two Spring 
CDC TISDALE 60 6 6.77 North America Six Spring 
CDC Unity 30 9 11.10 North America Two Spring 
CDC Yorkton 48 8 7.57 North America Six Spring 
Chalice§ 61 5 6.47 Europe Two Spring 
Chapais 61 13 9.73 North America Six Spring 
Charger 40 7 8.17 Australia Two Spring 
CHARLOTTETOWN§ 39 6 7.90 North America Two Spring 
Cheri 34 6 6.73 Europe Two Spring 
CI5791 60 9 15.37 Africa Two Spring 
Clara 69 4 7.17 Europe Two Spring 
Claret/50c114/YoshiKei 80 8 11.07 Europe Two Spring 
Clarity 59 7 8.43 Europe Two Spring 
Clark 51 7 7.97 North America Two Spring 
CLE198 38 8 8.23 South America Two Spring 
CLE203 45 6 7.27 South America Two Spring 
CLE226§ 39 10 11.40 South America Two Spring 
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CLE235 36 5 5.37 South America Two Spring 
CLE268 48 8 7.53 South America Two Spring 
CLE270 64 8 9.30 South America Two Spring 
CLE272 39 7 5.33 South America Two Spring 
Clp.HarC-19 42 6 6.77 Australia Two Spring 
CORGI 47 7 6.60 Europe Two Spring 
CzechLandrace-243 58 8 9.27 Europe Two Spring 
Dana§ 44 10 10.53 Europe Two Spring 
Defra 47 8 8.83 Europe Two Spring 
Dera 41 6 7.30 Europe Two Spring 
DETENICKYBOHATYR 73 8 6.43 Europe Two Spring 
DH29287 82 11 12.00 Australia Two Spring 
DH29317§ 45 6 8.40 Australia Two Spring 
DH29370 45 6 8.63 Australia Two Spring 
DH29400 57 10 10.30 Australia Two Spring 
DH29419§ 53 12 12.50 Australia Two Spring 
DIABAS 51 9 8.17 Europe Two Spring 
Draught 53 10 10.83 Europe Two Spring 
DVORAN 50 6 10.13 Europe Two Spring 
EB1111 53 9 8.67 Australia Two Spring 
EB1112 43 5 7.50 Australia Two Spring 
Edda 63 9 14.27 Europe Six Spring 
EMPRESS 51 10 11.93 North America Six Spring 
EUROPA 29 6 9.40 Europe Two Spring 
Fairview§ 60 9 12.23 Australia Two Spring 
Fct/Atn/HOR3877/Hml§ 57 12 11.33 Australia Two Spring 
Flinders 55 4 4.77 Australia Two Spring 
FORMULA 46 8 10.33 Europe Two Spring 
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FR/DAYTON 58 9 9.93 North America Six Winter 
France30161 53 7 9.17 Europe Two Winter 
GALAN 52 6 7.70 Europe Two Spring 
Golden Prom. 46 N/A N/A N/A N/A N/A 
GrangeR 53 6 7.67 Europe Two Spring 
Granifen 53 13 12.70 Europe Two Spring 
Grimmet 50 6 7.63 Australia Two Spring 
GSHO2479 57 4 3.57 North America Two Winter 
GSHO2483 43 12 9.57 North America Six Spring 
H91011001 49 7 9.50 North America Two Winter 
H92014002X 47 7 10.43 North America Two Winter 
H92036005Z 55 8 11.00 North America Two Winter 
H96009006 52 10 19.50 North America Six Spring 
H97006005 60 8 8.53 North America N/A Winter 
Hamelin 42 7 8.67 Australia Two Spring 
Hannan 63 4 3.87 Australia Two Spring 
HANNCHEN 68 10 11.33 Europe Two Spring 
Har.Nan-35-24 42 10 9.60 Australia Two Spring 
Har.Nan-35-28 62 12 13.03 Australia Two Spring 
HB09309 72 9 13.17 North America Two Spring 
HB352 39 8 8.13 North America Two Spring 
HB378 48 13 17.07 North America Two Spring 
HB380 32 8 15.80 North America Two Spring 
HB382 60 5 6.27 North America Two Spring 
HB385 40 4 7.97 North America Two Spring 
HB395 53 8 12.40 North America Two Spring 
HB702 35 7 9.13 North America Two Spring 
HB805 31 6 8.30 North America Two Spring 
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Heris 61 9 7.10 Europe Two Spring 
Hindmarsh 41 6 6.47 Australia Two Spring 
Hml-02/ArabiAbiad/3/Api/CM67//Nacta/4/WI2269/Espe 48 7 9.10 Middle East Two Spring 
I01-173-1 34 5 7.90 North America Two N/A 
I01-176-1 42 3 5.80 North America Two N/A 
I01-177-2 41 2 2.87 North America Two N/A 
I01-302-1 44 7 6.40 North America Two N/A 
I046 52 6 8.13 Asia Six N/A 
I90-137-1 49 6 7.07 North America Two Spring 
I91-696 32 7 7.93 North America Two Spring 
I92-212 39 6 6.77 North America Two Spring 
I92-562 48 9 9.67 North America Two Spring 
I96-339 46 4 5.93 North America Two Spring 
I97-320 57 10 13.13 North America Two Spring 
IGB1120 47 11 9.67 Australia Two Spring 
IGB1138 53 5 6.63 Australia Two Spring 
IGB1139 50 4 4.97 Australia Two Spring 
IGB1201 69 5 4.43 Australia Two Spring 
IGB1235§ 52 10 10.33 Australia Two Spring 
IGB1243 61 6 6.50 Australia Two Spring 
IGB1244§ 42 6 7.00 Australia Two Spring 
Igri 29 N/A N/A N/A N/A N/A 
Inari 50 9 6.83 Europe Two Spring 
INDIANDWARF 54 7 5.77 North America Six Spring 
Jantar 66 8 8.63 Europe Two Spring 
Jubilant 47 7 9.83 Europe Two Spring 
KEEL 58 6 5.23 Australia Two Spring 
KINAI NO.5 38 8 10.97 Asia Two Winter 
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KNEIFEL GERSTE VOLLKORN§ 57 12 13.97 Europe Two Spring 
KRYSTAL 57 8 9.17 Europe Two Winter 
KS1294§ 55 11 8.43 Europe Two Spring 
Kunstaa 43 7 7.67 Europe Two Spring 
Kyle/Snm/Ulm 53 11 8.83 Australia Two Spring 
Kym 54 8 8.30 Europe Two Spring 
La Trobe 47 5 3.87 Australia Two Spring 
Landlord 67 9 11.27 Europe Two Spring 
Langelend 58 8 11.23 Europe Two Spring 
Lao Wu Hu Xu Mai 62 13 11.23 Asia Two Spring 
Larker 55 9 10.20 North America Six Spring 
Lockyer 55 7 9.83 Australia Two Spring 
Logan 48 7 10.60 North America Two Spring 
Luxor 51 14 9.40 Europe Six Winter 
Mackay 47 6 6.87 Australia Two Spring 
Macquarie 51 7 8.93 Australia Two Spring 
Magda§ 55 7 7.67 Europe Two Spring 
Margaret 62 6 6.47 Europe Two Spring 
mata-8(80/1142-8)cv.MARI 44 5 9.20 Europe Two Spring 
MC9939-007 40 5 4.90 North America Two Winter 
MC9939-039 64 13 11.27 North America Two Winter 
MC9939-048 74 11 9.47 North America Two Winter 
Misato Golden 56 6 10.60 Asia Two Winter 
MN599§ 57 8 8.27 South America Two Spring 
MN607 42 9 9.50 South America Two Spring 
MNBrite 43 8 8.90 North America Six Spring 
Morex 44 N/A N/A N/A N/A N/A 
MORIVIAN 32 9 8.60 North America Six Spring 
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NCL5-98-9-1 56 6 7.20 South America Two N/A 
ND22170 23 6 7.43 North America Two N/A 
NITRANSKY EXPORTNI 47 9 12.77 Europe Two Spring 
NRB08308 39 7 10.37 Australia Two Spring 
O'Connor 35 7 6.57 Australia Two Spring 
OHARA 70 8 7.97 Europe Two Spring 
Onslow 37 6 8.80 Australia Two Spring 
OPAVSKY KNEIFL 59 6 5.53 Europe Two Spring 
Optic 46 6 7.23 Europe Two Spring 
OR385-1-2 45 8 9.80 Australia Two Spring 
P7219.92 50 7 9.77 Europe N/A N/A 
Patty 39 5 5.23 Europe Two Spring 
PISARELKY R 31 38 6 8.20 Europe Two Spring 
Quarsar 45 6 5.90 Australia Two Spring 
Reggae§ 61 5 6.03 Europe Two Spring 
Retro Arupo BV-9225 42 6 7.30 North America Two Spring 
RGT Planet 39 N/A N/A N/A N/A N/A 
Robust 51 7 6.20 North America Six Spring 
Roe 26 6 5.90 Australia Two Spring 
Ruti 45 6 5.80 Europe Two Spring 
Salmas 27 7 7.97 Africa Two Facultative 
Satsuki Nijo 44 7 9.30 Asia Two Spring 
SB03180 49 6 6.23 Europe Two Spring 
SB040247 49 6 7.30 Europe Two Spring 
SB99252 52 11 11.43 Europe Two Spring 
SCH*KORU49 46 9 10.83 Europe Two Spring 
Schooner 37 7 7.13 Australia Two Spring 
SE612.01 30 7 9.20 Europe Two Spring 
Honours Thesis  Brittany Robertson 
 190 
Severa 39 4 5.50 Europe Two Spring 
SH01662 54 9 11.87 North America Two Winter 
SH040468 59 11 7.57 North America Two Winter 
Shepherd 68 5 8.87 Australia Two Spring 
Sherpa 48 7 7.83 Europe Two Spring 
Shinonome 52 11 12.37 Asia Six Spring 
SHN094 45 5 4.70 North America Two N/A 
SHYRI 73 6 8.17 North America Two Spring 
SIMBA 61 7 7.43 Europe Two Spring 
SM00334 50 8 7.53 North America Two Winter 
SM060103 24 6 7.40 North America Two Winter 
SVB21 21 10 8.53 Africa Two N/A 
SVC5 44 8 8.63 Africa Two N/A 
Syn6058-06 55 9 9.90 Australia Two Spring 
Tantangara 45 6 7.97 Australia Two Spring 
TG121-1 28 6 7.90 Australia Two Spring 
Tilga 38 7 9.67 Australia Two Spring 
Tmp*Gmt121-1 52 7 7.97 Australia Two Spring 
TOPAS 59 6 7.90 Europe Two Spring 
TR*GR916-10 46 7 8.33 Australia Two Spring 
TR04283 41 10 10.33 North America Two Spring 
TR06390 75 6 7.10 North America Two Spring 
TR07114 45 8 8.13 North America Two Spring 
TR08118 41 5 6.30 North America Two Spring 
TR117a 67 7 6.37 North America Two Spring 
TR145 45 6 5.20 North America Two Spring 
TR146 38 6 9.60 North America Two Spring 
TR158 77 7 6.97 North America Two Spring 
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TR176 52 8 9.13 North America Two Spring 
TR257 52 7 7.63 North America Two Spring 
TR473 57 9 9.97 North America Two Spring 
TR584§ 45 8 7.53 North America Two Spring 
TRIUMPH 57 10 10.07 Europe Two Spring 
UNION 53 6 7.77 Europe Two Spring 
Urambie 53 6 6.57 Australia Two Winter 
UWA95TK24-5 44 9 9.20 Australia Two Spring 
UWA96T45 22 8 7.77 Australia Two Spring 
UWAbright2Rseln2742 57 9 6.83 Australia Two Spring 
UWAshortwhiteseln8907 81 8 9.23 Australia Two Spring 
Valetta 50 9 7.57 Europe Two Spring 
VALTICKY 61 7 8.70 Europe Two Spring 
VB0330§ 50 8 7.87 Australia Two Spring 
VB0901 69 7 5.90 Australia Two Spring 
VB0904 78 8 7.57 Australia Two Spring 
VB0916 54 6 6.57 Australia Two Spring 
Volla 57 8 8.27 Europe Two Spring 
W1† 40 5 4.60 Asia Two Spring 
WA8832/Hml 54 9 9.20 Australia Two Spring 
WABAR2228 65 7 6.17 Australia Two Spring 
WABAR2231 60 8 7.80 Australia Two Spring 
WABAR2234§ 51 7 6.10 Australia Two Spring 
WABAR2244 45 6 7.50 Australia Two Spring 
WABAR2259 54 10 9.27 Australia Two Spring 
WABAR2272 54 4 5.93 Australia Two Spring 
WABAR2334§ 35 8 7.90 Australia Two Spring 
WABAR2378 44 7 7.50 Australia Two Spring 
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WABAR2411 40 6 6.10 Australia Two Spring 
WABAR2421 75 5 6.67 Australia Two Spring 
WABAR2425 51 10 9.20 Australia Two Spring 
WABAR2427 34 8 7.93 Australia Two Spring 
WABAR2435 59 8 7.80 Australia Two Spring 
WABAR2436 42 6 6.60 Australia Two Spring 
WABAR2547 57 4 5.00 Australia Two Spring 
WABAR2591† 67 8 9.03 Australia Two Spring 
WABAR2592† 49 6 6.37 Australia Two Spring 
WB17†¶ 84 3 2.87 Middle East Two Spring 
WB3†¶ 54 4 4.30 Middle East Two Spring 
WB4†¶ 51 5 4.30 Middle East Two Spring 
WB8†¶ 78 3 3.20 Middle East Two Spring 
WI2553† 46 5 3.93 Australia Two Spring 
WI2816† 35 6 8.17 Australia Two Spring 













* number of stomata/mm2 of leaf area 
** the width (in mm) of the widest part of the flag leaf 
*** the length (in cm) measured from the base to the tip of the flag leaf 
† absent genotype data: not included in genome wide association analysis (GWAS) 
§ genotype could not be determined using gene-specific molecular marker designed for candidate gene HORVU4Hr1G078720 
¶ wild barley variety 
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